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ABSTRACT
T
his thesis presents the conception, design and implementation of new topologies of multi-
modal microwave resonators and filters, using a combination of uniplanar technologies such
as coplanar waveguide (CPW), coplanar strips (CPS) and slotlines. The term “multimodal”
refers to uniplanar circuits in which the two fundamental modes of the CPW propagate (the even and
the odd mode). By using both modes of the CPW, it is possible to achieve added functions, such as
additional transmission zeros to increase the rejection, or to attenuate harmonic frequencies to im-
prove the out-of-band rejection. Moreover, it is demonstrated that by using multimodal circuits, it is
possible to reduce the length of of a conventional filter up to 80%. In addition to bandpass filters, new
topologies of compact band-stop filters are developed. The proposed band-stop filters make use of
slow-wave resonators to decrease the total area of the filters and achieve compact topologies.
This work also addresses the development of synthesis techniques for each multimodal filter. The de-
sign equations were obtained from generalized multimodal circuits available in the literature, which
have been adapted for each particular case and modeled as basic filter components, such as immi-
tance inverters or lumped elements. By using the proposed synthesis equations, it is possible to de-
sign filters with a desired response and relative bandwidth. The use of the proposed synthesis enables
a fast analysis and design of multimodal filters using circuit simulators.
As an added feature, several reconfigurable and tunable filter topologies were demonstrated, using
active devices (PIN diodes and varactors) or RF-MEMS. These new topologies demonstrate the flexi-
bility of multimodal circuits. For the RF-MEMS-based tunable filters, different capacitive and ohmic
switches were designed, fabricated and measured. As an example of the additional degrees of free-
dom using of RF-MEMS and multimodal CPW circuits, a reconfigurable filter using RF-MEMS switch-
able air-bridges as a reconfiguration device has been demonstrated in this work for the first time.
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1. INTRODUCTION
1.1 Uniplanar circuits
T
HE COPLANAR waveguide (CPW), the coplanar stripline (CPS), and the slotline are uniplanar
microwave transmission lines in which shunt and series components are easily mounted [6],
and have a good behavior at high frequencies. Uniplanar transmission lines offer unique ad-
vantages in RF and microwave circuit design. Their fabrication is simpler than that of microstrip or
any other multilayer technology, making uniplanar circuits attractive in terms of cost reduction. In
contrast to microstrip technology, uniplanar techniques allow a mixture of transmission line configu-
rations to be used together, thereby making available a wide range of novel passive microwave struc-
tures [7–14]. The CPW, the CPS and the slotline (in this work, the word slotline will be also used to
refer to the CPS, even though the CPS metal planes are narrow), can be combined to develop new cir-
cuits that cannot be achieved with microstrip topologies. The slotline (and the CPS) is a monomodal
transmission line, but the CPW is a multimodal guiding structure that can simultaneously propagate
two fundamental modes (the even and the odd modes, shown in Fig. 1.1, which interact at any asym-
metry or transition [1, 11, 15–18].
Figure 1.1 – (a) CPW and transversal electric field. (b) Even mode (c) Odd mode [1].
In practice, each mode can be excited by using GSG probes (CPW even mode) or SG/GS probes (CPW
odd mode); to obtain its characteristic parameters (impedances and propagation constants) from
measured data. As shown in Fig. 1.2, the characteristic parameters can be also obtained by using
full-wave solvers, using the correct port configurations as described in [11, 19].
Figure 1.2 – Full-wave simulation of the current distribution in a CPW. (a) Even mode. (b) Odd mode.
The fact of having two fundamental modes in a transmission line offers a further degree of freedom
for the design of uniplanar circuits. Indeed, new uniplanar multimodal circuits (that are not a di-
rect replica of microstrip topologies into CPW even-mode topologies) can be designed, which fea-
ture good reconfiguration, compactness, and low-loss capabilities. For instance, in [20], the mul-
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timodal concept was applied to a uniplanar 180° hybrid and, in [21] and [2], to wide-band, micro-
electromechanical (MEMS)-based 0°/180° phase switches (see Fig. 1.3).
Figure 1.3 – RF-MEMS uniplanar 180° phase switch based on a multimodal air-bridged CPW cross [2].
In contrast with microstrip filters, few uniplanar filter topologies have been proposed. However, it
has been proven that, by using uniplanar transmission lines, it is possible to obtain filters with small
dimensions, high quality factors [22–27], and easy reconfiguration [28,29]. In [23], compact uniplanar
filters with quality factors up to Q0 = 240 were demonstrated, and in [24], a compact conductor-
backed CPW-slotline bandpass filter with high selectivity was reported. In [30], a compact CPW two-
pole band-stop filter, with an area of (λ/4)2 was developed. Higher order uniplanar filters with ultra-
low losses can be obtained using superconductive films, as demonstrated in [26]. In [27], a 16-pole
filter using 3-D slotline resonators was presented, featuring a mid-band insertion loss lower than 0.5
dB.
Regarding CPW filters, nearly all topologies reported in the literature are even-mode circuits that
replicate microstrip topologies and suppress the odd mode, considered as spurious, by means of
air bridges [31, 32]. For example, the resonators and filter topologies reported in [30, 33–37] use air-
bridges to suppress the CPW odd-mode, without taking advantage of both propagation modes of the
CPW.
However, the use of both propagation modes can offer additional advantages compared to monomodal
uniplanar circuits.
1.2 Scope and limitations
This work focuses on the design of new topologies of multimodal microwave filters using copla-
nar waveguides, which can be modeled using generalized circuits models proposed in [1]. A recent
thesis involvining multimodal microwave circuits [38] included the design of a new type of CPW-
slotline transition, a 180º uniplanar hybrid and new reconfigurable multimodal phase switch using
RF-MEMS. This thesis follows a similar approach, focusing on the conception, design and implemen-
tation of feasible topologies of multimodal microwave filters. Moreover, this thesis proposes synthe-
sis techniques for multimodal microwave filter topologies (band-pass and band-stop), which can be
used to design structures with a defined response (e.g. Butterworth, Chebyshev) and fractional band-
width (F BW ). In addition, new tunable or reconfigurable topologies of multimodal microwave filters
are developed, using active devices (e.g. PIN diodes or varactors) and RF-MEMS devices. For the
latter, different capacitive and ohmic RF-MEMS switches were designed, implemented and charac-
terized. The development of the RF-MEMS switches and the new tunable or reconfigurable filter
structures was carried out using the technology of an external foundry process [5].
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1.3 Objectives
A fundamental part of this work is the research of feasible multimodal microwave filters structures,
which can be designed using synthesis methods based in circuits models proposed in [1]. Therefore,
the main objectives of this thesis are:
• Investigate new physically realizable multimodal resonators and filters, with a performance sim-
ilar to existing traditional monomodal structures.
• Explore the advantages (compared to monomodal structures) of multimodal filters, such as:
compactness/size reduction, easy reconfiguration, generation of additional poles or transmission ze-
ros.
• Develop synthesis methods based on the multimodal circuit models of the new uniplanar multi-
modal filter structures.
• Design, implement and characterize the new topologies of multimodal filter structures.
Additionally, the following objectives are defined:
• Design and characterize RF-MEMS switches which can be used to design tunable and reconfig-
urable multimodal microwave filters.
• Develop new topologies of tunable and reconfigurable multimodal microwave filters, using ac-
tive devices and RF-MEMS.
• Propose further applications of multimodal circuits.
1.4 Outline
This work is divided in 7 chapters. Chapter 2 shows the basic multimodal filter structures, circuit
models and design equations. Chapter 3 is devoted to give a simple introduction into RF-MEMS the-
ory, and deals with the design of the RF-MEMS switches used in this work. Chapter 4 introduces the
design, implementation and validation of several multimodal band-pass filter topologies, based on
the basic multimodal structures presented in Chapter 2. Chapter 5 deals with different topologies
of tunable and reconfigurable multimodal bandpass filters, using PIN diodes, varactors and some of
the RF-MEMS switches presented in Chapter 3. Chapter 6 presents two different topologies of multi-
modal band-stop filters, including its design, implementation and characterization. Finally, Chapter
7 draws the conclusions obtained form this work and future research topics.
4
C
H
A
P
T
E
R 2
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I
n asymmetrically-loaded CPW structures, there is an exchange of energy between the two funda-
mental CPW modes: the even mode, and the odd mode (or slotline mode). Most designs consider
the odd mode as spurious and suppress it by means of air bridges, which do not affect the even
mode. However, the odd mode can be used to achieve new circuit concepts. Asymmetrically-loaded
CPW structures, modeled using multimodal equivalent circuits [15–18], can be used as a basis for
new topologies of circuits, such as hybrids [20] and phase shifters [21]. This chapter introduces ba-
sic multimodal filter structures developed in this Thesis, along with their circuit models and design
equations.
2. MULTIMODAL CIRCUITS
2.1 CPW circuits with asymmetric shunt impedances
CPW circuits with asymmetrical shunt impedances can be accurately modeled using the circuit model
proposed in [16]. This section describes different types of CPW circuits with asymmetrical shunt
impedances that can be used as bandpass resonators, band-stop resonators and immittance invert-
ers.
2.1.1 Asymmetrically-loaded resonator
Fig. 2.1 shows a multimodal bandpass resonator. It consists of a CPW section limited by two air
bridges between ground planes. This section has a slot short-circuited at appropriate distances (l1
and l2) of the air bridges. When an even-mode wave coming from any of the circuit ports (1 or 2 in
Fig. 2.1) arrives at the asymmetric short circuit, outward-propagating even and odd-mode waves are
generated. The even-mode waves are not affected by the air bridges, whereas the odd-mode waves
are confined between the air bridges, forming a resonator of total length lt = l1+ l2.
Figure 2.1 – Multimodal CPW bandpass resonator.
This resonator can be modeled using a simplification of the multimodal circuit model for asymmetric
shunt impedances in CPWs [16], as shown in Fig. 2.2, where βe ,βo , Z0e and Z0o are the propagation
constants and characteristic impedances for the even and odd modes, respectively. It is clear from Fig.
2.2 that the odd mode forms a short-circuited transmission-line resonator shunt-coupled to the main
even-mode transmission line. It will resonate at a frequency f0 at which the resonator total length lt
is equal to λo/2 (where is the odd mode wavelength), not affecting the even-mode propagation. The
sections where the CPW odd mode propagates, can be represented as two shunt stubs with input
impedances Z1 = j Z0o tan(βol1) and Z2 = j Z0o tan(βol2) . It is apparent that when l1 or l2 have a
length λo/2 this stubs will produce transmission zeros at fzer o = vpo/(2li ), i = 1,2; where vpo is the
odd-mode propagation velocity.
Figure 2.2 – Circuit model of the multimodal bandpass resonator.
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Figure 2.3 – Comparison between (a) a simplification of the circuit model of Fig. 2.1 and (b) a parallel LC resonator.
The whole resonant structure can be modeled by an admittance shunt-connected to the even-mode
transmission line (Fig. 2.3(a)) of value
YT = − j 4
Z0o
{
1
tan
[
(pil1/lt )
(
f / f0
)] + 1
tan
[
(pil2/lt )
(
f / f0
)]} . (2.1)
Since the resonator has a pass-band response, it can be locally modeled, near its resonance frequency,
by a shunt LC resonator (Fig. 2.3(b)) of total admittance
Yeq = j
[
ωCeq −1/(ωLeq )
]= jωCeq [1− ( f0/ f )2] (2.2)
where f0 = 1/(2pi
√
LeqCeq ).Comparing the first-order Taylor-series coefficients for both YT and Yeq
around the resonance frequency f0, it can be found that
Ceq = Y0o
f0
[
l1
lt sin2 (pil1/lt )
+ l2
lt sin2 (pil2/lt )
]
. (2.3)
Thus, the capacitance Ceq can be changed by adjusting the position of the asymmetric short circuit
(length l1). Using (2.3) we can calculate the resonator fractional bandwidth
F BW = (ΩC /Ceq )(g1/Z0), (2.4)
where Ωc and g1 are the cut-off frequency and normalized element of the first-order low-pass filter
prototype, respectively. Fig. 2.4 shows the frequency response of an ideal resonator with a center
frequency . As can be seen, if the length l1 increases, the F BW decreases, according to (2.4).
Figure 2.4 – Frequency response of an ideal multimodal bandpass resonator.
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2.1.2 CPW – slotline transition as immittance inverter
Fig. 2.5 shows a multimodal immittance inverter. It consist of an asymmetric CPW transition, formed
by a short-circuit in one slot of the CPW. This structure performs a modal conversion between the
even mode of port 1 and the slotline mode of port 2 by means of a multimodal CPW section of length
lo1+ le2, which simultaneously propagates the CPW even and odd modes. It can be modeled using a
simplification of the multimodal circuit for generic asymmetric shunt impedances presented in [16],
as shown in Fig. 2.6.
Figure 2.5 – Multimodal immittance inverter (MII).
Figure 2.6 – Circuit model for the multimodal immittance inverter of Fig. 2.5. Z0e1,βei , Z0oi ,βoi , Z0s2,βs2 are, re-
spectively, the characteristic impedances and phase constants of the even and odd modes of the CPW (i=1,2), and of
the slotline mode.
From Fig. 2.6 is apparent that when an exciting even mode (the usual mode used in most CPW de-
signs) propagating from port 1 arrives at the transition, reflected and transmitted even and odd modes
are generated. The reflected even mode propagates back to port 1. The reflected odd mode is short-
circuited with an air bridge at a distance lo1 from the transition, forming an odd-mode stub. The
transmitted even mode propagates forward until the CPW-to-slotline transition, forming an open-
ended stub of length . Finally, the transmitted odd mode propagates forward until the CPW-to-
slotline transition, where it is transformed into a slotline mode due to their modal compatibility (it is
assumed that Z0o2 = Z0s2 and βo2 =βs2 ), and reaches port 2. The S parameters of the inverter of Fig.
2.5, computed from its equivalent circuit of Fig. 2.6 (with port 1 referred to Z0e1 and port 2 to Z0s2 ),
are
8
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S11 = Y0e1−4Y0s2−4YL
Y0e1+4Y0s2+4YL
e− j 2βe1le1 , (2.5)
S22 = −Y0e1+4Y0s2−4YL
Y0e1+4Y0s2+4YL
e− j 2βs2ls2 , (2.6)
S21 = S12 = 4
p
Y0e1Y0s2
Y0e1+4Y0s2+4YL
e− j (βe1le1+βs2ls2), (2.7)
with
YL = j BL = YLo1+ YLe2
4
=− j cot(βo1lo1)
Z0o1
+ j tan(βe2le2)
4Z0e2
. (2.8)
The S parameters of a generic immittance inverter with inverter constant K = 1/J , characterized by a
Y -parameter matrix
Y =
[
0 j B
j B 0
]
, J = 1
K
= |B |
are (with port 1 referred to Z0e1 and port 2 to Z0s2)
S11 = S22 = Y0e1Y0s2−B
2
Y0e1Y0s2+B 2
, (2.9)
S21 = S12 =− j 2B
p
Y0e1Y0s2
Y0e1Y0s2+B 2
. (2.10)
By comparing (2.5)–(2.7) and (2.9)–(2.10), the design equations for the circuit of Fig. 2.5 as an immit-
tance inverter can be derived as
|BL | = 1
2 |B |
√√√√(B 2−4Y 20s2) ·
(
B 2− Y
2
0e1
4
)
(2.11)
for |B | >max
(
2Y0s2,
Y0e1
2
)
or |B | <min
(
2Y0s2,
Y0e1
2
)
,
βe1le1 = 1
2
arctan
(
8Y0e1BL
16Y 20s2−Y 20e1+16B 2L
)
(2.12)
for |B | >pY0e1Y0s2,
βe1le1 = 1
2
arctan
(
8Y0e1BL
16Y 20s2−Y 20e1+16B 2L
)
± pi
2
(2.13)
for |B | <pY0e1Y0s2,
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βs2ls2 =−1
2
arctan
(
32Y0s2BL
16Y 20s2−Y 20e1−16B 2L
)
(2.14)
for
(
Y0e1Y0s2−B 2
) · (16Y 20s2−Y 20e1−16B 2L)> 0, and
βs2ls2 =−1
2
arctan
(
32Y0s2BL
16Y 20s2−Y 20e1−16B 2L
)
± pi
2
(2.15)
for
(
Y0e1Y0s2−B 2
) · (16Y 20s2−Y 20e1−16B 2L)< 0.
For a desired value of J or K (and therefore of |B | ), | |BL |can be computed using (2.11). Then, from
|B | and |BL |, the electrical lengths βe1le1 and βs2ls2 can be derived using (2.12)–(2.15). The choice of
signs of |B |,|BL | , and in some values of βe1le1 and βs2ls2, give several sets of valid design parameters.
Finally, for a given sign of |BL | , a suitable combination of electrical lengths of the odd-mode stub
(βo1lo1) and the even-mode stub (βe2le2 ) can be determined from (2.8). As explained below, these
lengths can be conveniently chosen to produce additional transmission zeros in a filter. It should be
noted that the port distances le1 and ls2 , need not be longer than the stub lengths lo1 and le2, and
that le1 and ls2 can even be negative, thus absorbing lengths of transmission lines connected to them.
It should also be noted from (2.12)–(2.15) that values of |B | = J = 1/K in the range
min
(
2Y0s2,
Y0e1
2
)
< |B | <max
(
2Y0s2,
Y0e1
2
)
are not physically realizable with this structure. This is not an issue for the intended use of this kind
of inverters, since only either high or low values of immittance-inverter constants are required in the
filter structures presented in Chapter 3.
In order to validate the circuit model of Fig. 2.6, an electromagnetic simulation of an inverter such as
that of Fig. 2.5 was performed using Agilent Momentum, and compared with the results obtained with
its circuit model. The parameters of the (lossless) inverter are: substrate relative permittivity εr =3.8,
substrate thickness = 0.4 mm; CPW central-strip width w = 0.3 mm and slot with s = 0.2 mm; slotline
slot with = 2s+w; lateral-ground-plane width wg = 1.4 mm, le 1 = 8.45mm, lo 1 = 6.8mm, le 2 = 8.55mm,
and ls 2 = 10.55 mm.
Fig. 2.7 compares the electromagnetic simulation of the circuit of Fig. 2.5 with the circuit-model
simulation using Fig. 2.6. The good agreement between both simulations validates the circuit model
of Fig. 2.6. It should be noted that, above 4 GHz, parasitics in the asymmetric shunt-short circuit
transition become noticeable. They can be easily modeled by replacing the connection between the
odd-mode transmission lines and the ideal transformer, with a small inductance Lt p (associated to
the short-circuit in the upper CPW slot), as shown in Fig. 2.8, and (if required) by connecting small
series reactances or shunt susceptances to its four ports.In this case, Lt p = 0.177845 nH, the odd-
mode inductance Lop1 = 0.3807 nH, and the even-mode parasitic capacitance Cep2 = 6.63666 fF.
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These parasitics have to be previously determined, for the intended utilization band—since they need
not be constant with frequency, by curve fitting with a test circuit and then, if necessary, the inverter
has to be fine tuned (using its circuit model) to maintain its performance. For the circuit simulation
of Fig. 2.7, the values of the parasitics where determined to obtain an overall agreement up to 20 GHz.
Figure 2.7 – Comparison between electromagnetic and equivalent-circuit simulations for the inverter of Fig. 2.5.
Figure 2.8 – Circuit model for the multimodal immitance inverter of Fig. 2.5, including parasitic elements.
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2.1.3 Quarter-wavelength band-stop resonator
A structure similar to that of Fig. 2.5 can be used as a band-stop resonator, since a single even-mode
stub can be used to produce a transmission zero. Fig. 2.9 shows its multimodal structure.
Figure 2.9 – Proposed quarter-wavelength band-stop resonator.
Here, the input and output ports are slotlines, with a central CPW section with an asymmetric short
circuit at one end. When a slotline mode wave coming from any of the circuit ports arrives at the
asymmetric short circuit, outward-propagating even and odd-mode waves are generated. The odd-
mode waves reach the ports of the circuit as reflected and transmitted odd-mode waves (since this
mode is compatible with the slotline mode), whereas the even-mode waves are confined within the
CPW section.
The multimodal circuit of the band-stop resonator is shown in Fig. 2.10, which is similar to a generic
band-stop resonator [39, 40] . It is apparent that this resonator will produce a transmission zero at
f0 = fzer o = vpe /(4le1), where vpe is the even-mode propagation velocity.
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Figure 2.10 – Multimodal circuit of the quarter-wavelength band-stop resonator.
The input impedance Z0s1 is equal to the CPW odd-mode impedance, Z0o . To design a resonator with
a certain bandwidth the even-mode stub impedance can be calculated as
Z0e = ZM
αg0g1
, (2.16)
with
ZM = Z0o
4
= Z0s1
4
. (2.17)
The bandwidth parameter is α = cot[(pi/2)(1−F BW /2)], the output impedance is Z0s2 = Z0s1g2/g0;
g0,g1 and g2 are the normalized elements of a first-order low-pass filter prototype. Note that equation
2.16 was proposed in [39]; but for the multimodal resonator of Fig. 2.9, the impedance ZM is equal to
one quarter of the impedance of the odd-mode (2.17).
In order to validate the circuit model of Fig. 2.10, a band-stop resonator such as that of Fig. 2.9, with
a central frequency f0 and a F BW = 0.225 with a Butterworth response was designed. The chosen
odd-mode impedance is Z0o = Z0s1 = 130Ω, which gives an even-mode impedance of Z0e = 91Ω. The
parameters of the substrate are: relative permittivity εr = 3.02 , thickness = 1.52 mm and metallization
thickness = 0.035 mm. The CPW central-strip width is w =0.2 mm, with a slot width is s = 0.1 mm,
and a slotline slot with 2s+w , the lateral-ground-plane width is wg = 1 mm, the eve-mode lenght is
le 1 = 25.7 mm and the lenghts of the slotlines is ls 1 = ls 2 = 0.8 mm . An electromagnetic simulation
of a resonator such as that of Fig. 2.9 was performed using Agilent Momentum, and compared with
the results obtained with its circuit model. Fig. 2.11 compares the electromagnetic simulation of the
circuit of Fig. 2.9 with the circuit-model of Fig. 2.10. The good agreement between both simulations
validates the circuit model of Fig. 2.10.
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Figure 2.11 – Comparison between electromagnetic and equivalent-circuit simulations for the quarter-wavelength
band-stop resonator of Fig. 2.9. (a) Magnitude of S11 and S12. (b) Phase of S11. (c) Phase of S12.
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2.2 CPW circuits with slotline-CPW tees
A slotline-CPW tee is a transition formed by the connection of a slotline to either of the slots of a
CPW (Fig. 2.12 (a)). At the transition, a complex interaction between the slotline mode and the CPW
even and odd modes takes place, which can be accurately modeled using a multimodal circuit model
for coplanar-slotline tees [17]. This circuit model confines the contribution of either CPW mode into
a different port and, therefore, can easily take into account situations where the CPW load behaves
differently for either mode.
Figure 2.12 – A slotline-CPW tee (a) Topology (b) Multimodal circuit model.
Fig. 2.12 (b) shows the 4-port circuit model of the slotline-CPW transition, which corresponds to the
S-parameters matrix [17]
S = 1
3

−1 0 2 2
0 1 −2 2
2 −2 0 1
2 2 1 0
 . (2.18)
It should be noted that although it was derived initially for a CPW-slotline tee, this model is also valid
for any other transmission-line-technology circuit where a coupled transmission line is connected to
two other non-coupled transmission lines [17].
If the CPW-slotline tee is loaded with a symmetric CPW structure that presents a different response
to either CPW mode, it can be modeled as shown in Fig. 2.13.
Figure 2.13 – A slotline-CPW tee multimodal circuit model with CPW even and odd mode loads.
The S parameters of the circuit of Fig. 2.13 can be computed as
S =−SU e− jϕ SU =
[
S11U S21U
S21U S11U
]
, (2.19)
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with S11U = 1+ X¯e X¯o√
1+4X¯ 2e
√
1+ X¯ 2o4
,S21U =
− j
(
2X¯e − X¯o2
)
√
1+4X¯ 2e
√
1+ X¯ 2o4
and ϕ= arctan(2X¯e )−arctan(X¯o/2),
where all reactances have been normalized to the slotline characteristic impedance Z0s .
Fig. 2.14(a) and Fig. 2.14(b) show examples of symmetric loads of slotline-CPW tee, and Fig. 2.14(c)
shows their multimodal circuit model.
Figure 2.14 – Slotline-CPW tees loaded with symmetric CPW structures. (a) CPW odd mode section longer than that
of the CPW even mode,(lo > le ), both modes terminated with an open circuit (ZLe = ZLo =∞). (b) CPW even mode
section longer than that of the CPW odd mode (le > lo ) , even mode terminated with an open circuit and odd mode
terminated with a short-circuit (ZLe =∞, ZLo = 0). (c) Multimodal circuit model for CPW symmetric loads for case (a)
and (b).
A slotline-CPW tee can be used to reduce the length of a slotline section or as an immittance inverter.
These two applications are described in the following subsections.
2.2.1 Slotline-CPW tee for length reduction
The length l of a slotline section (Fig. 2.15 (a)) can be reduced by bending it (Fig. 2.15 (b)) . To achieve
a strong length reduction, the slotline-bend sections have to be placed very close. In this case the
bend no longer behaves as a slotline section of length l , but as a CPW section. In fact, the structure
of Fig. 2.15 (b) is a loaded CPW-slotline tee, whose behavior is described by the multimodal circuit
model of Fig. 2.14 (c) with le = lo ,ZLe →∞ and ZLo = 0.
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Figure 2.15 – (a) Slotline section of characteristic impedance Z0s and electrical lengthβs l . (b) Bended slotline section
forming a CPW.
Figure 2.16 – Reduced-length slotline equivalents. (a) Reduced-length slotline equivalent with lo > le . (b) Reduced-
length slotline equivalent with le > lo . (c) Equivalent multimodal circuit model.
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The slotline-CPW tees of Fig. 2.16(a)–(b) can be designed to emulate a slotline section of length l .
Indeed, if X¯e X¯o =−1 then 2.19 reduces to
S =
[
0 1
1 0
]
e− jφ (2.20)
where φ=pi+2arctan(2X¯e ).
Equation 2.20 corresponds to the S parameters of a slotline of characteristic impedance Z0s and elec-
trical length βs l =pi+2arctan(2X¯e ), with reference impedances Z0s at both its ports.
The values X¯e of X¯o and can be adjusted in an independent way provided that the CPW-slotline tee is
loaded as in the circuits of Fig. 2.16(a)–(b), whose multimodal circuit model is shown in Fig. 2.16(c).
In Fig. 2.16(a), the even mode is open circuited at the end of the CPW central strip. There, the odd
mode is transformed into a slotline mode (with a very similar characteristic impedance and phase
constant due to their modal compatibility) and propagates until it is short circuited at the top of the
structure. In Fig. 2.16(b), the odd mode is short circuited by the air bridge, and does not propagate
further, whereas the even mode is not affected by it, and propagates until it is open circuited at the
top of the structure. Therefore, using either the structure of Fig. 2.16(a) or Fig. 2.16(b), any value of le
and lo (and, therefore, of Xe =−Z0e cot(βe le ) and Xo = Z0o tan(βolo) can be obtained.
Design expressions for le and lo can be obtained as follows:
βs l
2
=−pi
2
+arctan(2X¯e )⇒
tan
(
βs l
2
)
=− 1
2X¯e
⇒
X¯e =−1
2
cot
(
βs l
2
)
, X¯o = 2tan
(
βs l
2
)
(2.21)
From 2.21, le and lo can be derived as
le = 1
βe
arctan
(
2Z0e
Z0s
tan
(
βs l
2
))
, (2.22)
lo = 1
βo
arctan
(
2Z0s
Z0o
tan
(
βs l
2
))
. (2.23)
To validate the circuit model of Fig. 2.16(c), an electromagnetic simulation of a reduced-length slot-
line section such as that of Fig. 2.15(b) was performed, and compared with the results obtained with
its circuit model. The parameters of the structure are: substrate relative permittivity εR = 3.02, sub-
strate thickness = 1.52 mm; CPW central-strip width w = 0.2 mm and slot with s = 0.1 mm; slotline
slot with= 2s+w ; input slotline width w s = 1 mm, and CPW section ground plane width wg = 0.65
mm. For a given insertion phase of 14° at f0 = 2 GHz, the calculated dimensions of the CPW section
are le = 3 mm and lo = 3.1 mm . The length of the input and output slotlines are ls = 1 mm . The total
insertion phase of the structure is 21° (14° for the insertion phase of the transition, plus 3.5° for each
slotline).
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Figure 2.17 – Comparison between electromagnetic and equivalent-circuit simulations for the reduced-length slotline
section of Fig. 2.15(b).
2.2.1.1 A Practical example: an uniplanar delay line
In order to validate the proposed structure, a test circuit has been fabricated in a Rogers RO4003C
substrate, with a relative permittivity εR = 3.55 and thickness h = 1.52 mm. The test circuit shown in
Fig. 2.18 includes 2 pairs of cascaded slotline-CPW tees (for a total a 4 transitions), separated by one
slotline. The calculated lengths, at f0 = 1.5 GHz, of each CPW section are le = 4 mm and lo = 4.1 mm,
which represent an insertion phase of 15◦ per transition, for a total of 60◦ (including all 4 transitions).
The input and output slotlines (all slotlines have a slot width ss = 0.2 mm and strip width ws = 1.1875
mm) have been placed to avoid any influence of the SG/GS probes over the tees. The total length of
the test structure of Fig. 2.18 is lt = 17.65 mm.
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Figure 2.18 – Test structure: 2 pairs of cascaded slotline-CPW tees between slotlines.
A comparison between the equivalent-circuit simulation and the measured data of the test structure
structure of Fig. 2.18 is shown in Fig. 2.19. At 1.5 GHz, the measured insertion phase of the whole
structure is 98◦. A simple slotline (fabricated in the same substrate and with the same dimensions of
the ones used in the test structure) needs a total length of lt = 35.1 mm to achieve the same phase
shift. Thus, the length has been reduced by 50%.
Figure 2.19 – Phase insertion comparison between measurement and the equivalent-circuit simulation of the test
structure of Fig. 2.18.
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2.2.2 Slotline-CPW tee as immittance inverter
An immitance inverter has an S-parameter matrix with S11 = S22 real. Therefore 2.19 can also be
interpreted as the S-parameter matrix of an immitance inverter with equal-length slotline sections
(of characteristic impedance Z0s) connected to its ports (Fig. 2.20). In order to establish a relationship
between the generic parameters (Xe and Xo) of the circuit of Fig. 2.12 (a) and those of the circuit of
Fig. 2.20, the S-parameters of the later have to be computed. If the immitance inverter of Fig. 2.20 is
characterized by its Z -parameter matrix
Z =
[
0 j X
j X 0
]
K = |X | (2.24)
where K is the inverter constant, then the S-parameters of the circuit of Fig. 2.20 are
S = S I NV e− j 2βs l
S I NV = 1X 2+Z 20s
[
X 2−Z 20s j 2Z0s X
j 2Z0s X X 2−Z 20s
]
,
(2.25)
Figure 2.20 – Immitance inverter with two equal-length slotlines connected at its ports.
By comparing (2.19) and (2.25), three different equivalences between circuits such as those of Fig.
2.12 (a) and that of Fig. 2.20 can be found, namely
S I NV A =−SU 2βs l A =ϕ
S I NV B+ = SU 2βs lB+ =+pi+ϕ
S I NV B− = SU 2βs lB− =−pi+ϕ
where subindexes A,B+ and B– have been added to identify them. The previous equivalences cannot
be analytically solved for X¯e and X¯o (and thus for the physical parameters of the loaded CPW-sloltine
tees le and lo) as a function of the desired value of X . However, they can be easily solved for X , and
X¯e ,X¯o and βs l can then be found by graphical means.
The first solution (corresponding to S I NV A =−SU and 2βs l A =ϕ) is
X¯ A = sgn
(
2X¯e − X¯o2
)√√√√√p1+4X¯ 2e
√
1+ X¯ 2o4 −(1+X¯e X¯o )
p
1+4X¯ 2e
√
1+ X¯ 2o4 +(1+X¯e X¯o )
,
βs l A = 12
[
arctan(2X¯e )−arctan(X¯o/2)
]
,
(2.26)
where sgn(x) is the sign function and all reactances are normalized to Z0S . The information about X¯ A
and βs l A can be easily represented in a contour plot as a function of X¯e and X¯o (Fig. 2.21 and Fig.
2.22). To design a loaded CPW-slotline tee as an immitance inverter, from X¯ A , sets of adequate values
of X¯e and X¯o have to be selected from Fig. 2.21 and, among them, which give the most appropriate
value to βs l A (for instance, a negative value in a filter design to reduce the physical length of the filter)
from Fig. 2.22.
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Figure 2.21 – X¯ A as a function of X¯e and X¯o .
Figure 2.22 – βs l A as a function of X¯e and X¯o .
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For convenience, these solutions can be overlapped in a single graph, as shown in Fig. 2.23.
Figure 2.23 – X¯ A and βs l A as a function of X¯e and X¯o .
The second and third solutions (corresponding to S I NV B+ = SU , and 2βs lB+ =ϕ+pi and 2βs lB− =ϕ−pi
respectively) are
X¯B+ = X¯B− =− 1X¯ A
βs lB+ =+pi2 +βs l A
βs lB+ =−pi2 +βs l A .
(2.27)
These solutions can be treated graphically to design the desired immitance inverter in an analogous
way to that of the first solution. It is apparent from (2.26) and (2.27) that the same values of X¯e and
X¯o that give an impedance inverter in (2.26), give an admittance inverter in (2.27), and vice versa (if
the slotline lengths are adequately chosen).
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Figure 2.24 – X¯B as a function of X¯e and X¯o .
Figure 2.25 – βs lB+ as a function of X¯e and X¯o .
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Figure 2.26 – βs lB− as a function of X¯e and X¯o .
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2.3 CPW circuits with asymmetric series impedances
2.3.1 Band-stop resonator
Fig. 2.27 shows two topologies of multimodal band-stop resonators. These asymmetric structures are
composed of a CPW section limited by air-bridges that contains a series slotline, terminated with a
short-circuit or an open circuit.
Figure 2.27 – Multimodal bandstop resonator. (a) With a short-circuited slotline stub. (b) With an open-circuited
slotline stub.
Figure 2.28 – Circuit model of the multimodal band-stop resonators of Fig. 2.27.
These structures can be modeled using the multimodal circuit model for asymmetric series-impedances
in CPWs [15] as shown in Fig. 2.28, where βe , Z0e ,βo , Z0o , are the propagation constants and the char-
acteristic impedances of the even and odd modes, respectively. YA is the input admittance of the slot-
line stub given by YA = 1/Zs . For an open-circuited stub Zs =− j Z0s cot(βs ls) and for a short-circuited
one, Zs = j Z0s tan(βs ls).
The multimodal circuit model of Fig. 2.28 can be viewed as a series parallel-resonant branch, in
which the slotline stub provides the capacitive element and the short-circuited odd-mode CPW stubs
provide the inductive element.
The whole resonant structure can be modeled by an impedance ZT connected to the even-mode
transmission line (Fig. 2.29(a)) of value
ZT = 12
j (Z0o /2)[tan(βo lo1)+tan(βo lo2)] +
4
Zs
. (2.28)
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Figure 2.29 – Comparison between (a) a simplification of the circuit model of Fig. 2.28 and (b) a series-parallel LC
resonator.
The impedance of series parallel-resonant branch (Fig. 2.29(b)) is
Zeq = 1
(1/ jω0Leq )+ jω0Ceq
, (2.29)
Comparing 2.28 and 2.29, and assuming that lo1 = lo2 = lo and that βolo < pi/4, the following equiva-
lence can be found
Leq = Z0o tan(βolo)/(2ω0). (2.30)
Given that ω0Ceq = 1/ω0Leq , the susceptance slope for the circuit is
ω0Ceq = 2
Z0o tan(βolo)
= 4
Z0s cot(βs ls)
, (open−circuit slotline stub), (2.31)
ω0Ceq = 2
Z0o tan(βolo)
= −4
Z0s tan(βs ls)
, (short−circuited slotline stub). (2.32)
Thus, by calculating the equivalent inductance and capacitance of an ideal series parallel-resonant
branch for a required bandwidth, the electrical lengths βolo and βs ls can be found. For filters of n
order (
YU
Y0
)2
= g0gn+1, (2.33)
and the susceptance slope of series-parallel resonators is given by [41]
bi =ω0Ci = 1/ω0Li = Y0
(
YU
Y0
)2 g0
giΩc F BW
fori = 1 to n, (2.34)
where Y0 is the terminating admittance and YU is the admittance of the immittance inverters placed
between two series-parallel resonant branches (in this case Y0 = 1/Z0e = Y0e ).
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RF-MEMS AND THEIR APPLICATIONS IN
MULTIMODAL CIRCUITS
I
n comparison with active devices, electrostatic RF-MEMS switches have proved their superior
performance in terms of losses, linearity and power consumption [42]. During the last two decades,
researchers have developed tunable and reconfigurable circuits based on RF-MEMS, achieving
state-of-the-art performances. One of the advantages of electrostatic actuation is that there is no cur-
rent consumption. Its drawback is that the required pull-in voltage Vpi for RF-MEMS electrostatic
switches is high, usually from 30 V to 120 V. This depends mainly on the area of the electrodes (which
is proportional to the electrostatic force, Fe ), and the stiffness of the suspension or spring constant
(k). The relationship between these two parameters will be explained in this chapter.
On the other hand, uniplanar circuits (such as CPW, CPS or slotlines) are ideal technologies for imple-
menting tunable and reconfigurable circuits using RF-MEMS. Among these, CPW multimodal circuits
can be easily reconfigured using these devices, as already demonstrated in [21].
This chapter introduces basic concepts of RF-MEMS and presents new low-actuation-voltage switches,
which are developed to be used in some of the uniplanar multimodal reconfigurable filters presented
in Chapter 5. In particular, this section presents a new shunt-type ohmic contact RF-MEMS switch
specifically designed as a switchable CPW air bridge. The switch can be used in CPW reconfigurable
multimodal circuits, for a selective use of the CPW odd-mode.
3. RF-MEMS AND THEIR APPLICATIONS IN MULTIMODAL CIRCUITS
3.1 RF-MEMS electrostatic switches
3.1.1 Electrostatic actuation
A RF-MEMS electrostatic switch, as shown in Fig. 3.1, is in essence a micro-machined capacitor with
a moving top electrode. The components behave like a mass-spring system, actuated by an elec-
trostatic force Fe . The electrostatic force Fe is produced by applying a voltage V between the two
electrodes.
Figure 3.1 – Electromechanical model of an electrostatically-actuated parallel-plate switch (voltage mode) [3, 4].Top
plate (light grey) is mobile and bottom plate (dark grey) is fixed.
Assuming the area of the plates is much greather than the separation between them (ignoring the
fringing capacitance), the two-parallel-plate structure of Fig. 3.1, has a capacitance given by
C = εA
d −x , (3.1)
where ε is the the dielectric permittivity of the medium between plates (presumed to equal that of
free space), A is the plate area, d the initial gap and x is the displacement of the top plate. If a voltage
V is applied to the parallel-plate capacitor there will be a electrostatic potential energy
U = 1
2
CV 2, (3.2)
which is stored between the volume of the plates.
For the constant voltage case [3, 43], the electrostatic force Fe can be defined as
Fe = −∂U
∗
∂x
∣∣∣∣
V ct
(3.3)
where U∗ is the co-energy. For two-parallel-plate structures –characterized by a capacity, C –, the
energy and the co-energy are equivalent.
By substituting (3.2) into (3.3), the electrostatic force in a two-parallel-plate structure like the one
shown in Fig. 3.1, is defined by
Fe =−1
2
εAV 2
(d −x)2 . (3.4)
The electrostatic force is balanced by the mechanical restoring force which is given by Hooke’s law
(assuming one degree of freedom):
FR = kx (3.5)
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where k is the total stiffness (spring) constant. The mobile top plate can be moved by applying a
voltage V , but an equilibrium solution is not always achieved, and when this applied voltage V sur-
passes the pull-in voltage Vpi , a collapse of the mobile plate happens, as the mechanical force can
no longer balance the electrostatic force. Neglecting the dynamics of the system, the pull-in occurs
when the mobile plate has gone through one third of the initial gap d (x = xpi = d/3), for an actuation
voltage [3, 44]
V =Vpi =
√
8kd 3
27εA
. (3.6)
Equation (3.6) is valid for switches without dielectric insulator between electrodes. For capacitive
switches, the thickness of the dielectric insulator td can be taken into account using the following
expression [42]:
Vpi =
√
8k(d + (td /εr ))3
27εA
, (3.7)
where εr is the permittivity of the dielectric of the dielectric insulator. As mentioned before, the pull-
in voltage Vpi depends mainly on the area of the electrodes, the stiffness of the suspension or spring
constant (k), and the initial gap d .
On the other hand, the hold-down voltage (Vh) of a capacitive switch (the voltage required to maintain
the switch in the down-state), is given by [42]:
Vh =
√
2k
ηεA
(d −x)
(
d +
(
td
εr
))2
, (3.8)
whereη accounts for the reduction in the parallel-plate capacitance due to the roughness of the metal-
to-dielectric interface [42].
The switching time can be calculated as [42]
ts = 3.67
Vpi
Vω0
= 3.67 Vpi
V
p
k/m
,
where m is the mass of the moving electrode and V is the applied bias voltage.
3.1.1.1 Dynamics of MEMS devices using electrostatic actuation
The dynamics of motion of a suspended membrane in an electrostatically-actuated parallel-plate
configuration can be approximated by the non-linear differential equation of a mass-spring-damper
system (1-D model) [3]
m
d 2x
d t 2
+b d x
d t
+kx = Fe = 1
2
εAV 2
(d −x)2 , (3.9)
where b is the damping coefficient.
The system’s transfer function and frequency response can be obtained, by applying the Laplace
transform to (3.9), as
X (s)
Fe (s)
= 1
m
1
s2+ s bm + km
, (3.10)
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s = jω,∴ X ( jω)
Fe ( jω)
= 1
k
1
1−
(
ω
ω0
)2+ j ωQmω0 , (3.11)
where the mechanical resonance angular frequency ω0 and the mechanical quality factor Qm are
defined as
ω0 =
√
k/
m (3.12)
Qm =
p
km
b
= k
ω0b
= 1
2ζ
(3.13)
where ζ is the relative damping factor.
3.1.1.2 Effects on MEMS switches under medium to high-power conditions
Self-biasing, self-actuation, RF power latching and heating are common effects in MEMS switches
under medium to high-power conditions. Each concept will be defined in this section.
Self-biasing:
Self-biasing is the attractive force due to the RF signal rms voltage (VRF r ms), causing the membrane
(moving electrode) to deflect (or to change the initial gap between electrodes, d) . It should be noted
that self-biasing is not the same as self-actuation, since the latter implies the collapse of the beam.
For both cases, the total electrostatic force, Fet , can be expressed as
Fet =−1
2
∂C
∂x
(
V 2DC +V 2RF r ms
)
. (3.14)
For shunt MEMS switches, the configuration shown in Fig. 3.2 can be considered, assuming that the
switch is terminated at both ports and that the generator is well matched.
Figure 3.2 – Electrostatically-actuated RF-MEMS capacitive switch [3].
Then, the RF voltage amplitude at the switch is the incident wave amplitude V0 = |v+0 |, and can be
related to the incident RF power PRF (av), by
PRF (av) =
V 2RF r ms
Z0
= V
2
0
2Z0
, (3.15)
where Z0 is the characteristic impedance of the transmission line. The total effective voltage applied
to the membrane is
V =
√
V 2DC +
V 20
2
=
√
V 2DC +PRF (av)Z0 (3.16)
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Thus, a new pull-in voltage VDC ,pi can be obtained from (3.1) as
VDC ,pi =
√
V 2pul l−i n −PRF (av)Z0. (3.17)
As shown by (3.17), the new pull-in voltage VDC ,pi decreases as the PRF (av) increases. For high power
values, the electrostatic force provided by PRF (av) may cause self-biasing. For example, an incident
signal with a RF power of 2 W (assuming a characteristic impedance Z0=50 Ω) , will produce a rms
voltage of VRF r ms = 10 V.
From another point of view, and assuming that the membrane is in the up-state, and no power is
reflected, the required power to actuate the switch is [45]
Pact = 8kd
3
27εZ0 ARF
, (3.18)
where ARF is the switch overlapping RF area.
Self-biasing can be avoided by using higher-stiffness constant suspensions or by reducing the capaci-
tance between electrodes, at the expense of a higher actuation voltage. Another choice is to decouple
the bias from the RF signal. As can be seen in (3.18), if the overlapping RF area is minimized, the
switch will be less sensitive to high power levels.
RF power latching:
When the rms voltage related to the input power is equal or higher than the hold-down voltage
Vh of the switch, the membrane is no longer able to assume its up-state position even without DC
bias [45–47]. As demonstrated in [45], the RF power required to keep a switch in the down state (af-
ter the switch has been actuated) is less than the required for self-actuation. In the down-state, the
switch characteristic impedance is not the same than the port impedance Z0, therefore there will be
a reflected voltage. In this case, the rms voltage is [45]
VRF r ms =
|V0|
p
2
√
1+ (pi f Cdown Z0)2 . (3.19)
Depending on the electrical resonance frequency of the capacitive switch (hold-down power is higher
at the frequency where the switch presents a better short-circuit [45]) , the necessary RF power to hold
the switch is
Ph =
2kd (dai r + td /εr )2
[
1+ (pi f Cdown Z0)2]
ARFε0Z0
. (3.20)
where dai r is the air-gap between electrodes in the down-state (typically less than 0.1 µm)
This demonstrates that the hold-down power is a function of the down-state capacitance. However,
(3.18) and (3.20) do not take into account thermal issues, which could lead to additional stiction prob-
lems [45].
Thermal effects:
Another side effect of high RF power is heating. RF power induces a non-uniform current in the
suspended membrane and its suspensions, producing a temperature rise, and therefore the materials
tend to expand. In most cases the suspended membrane and suspensions loose rigidity, thus lowering
the pull-in voltage. Thermal analyses for MEMS switches were published in [48–54].
33
3. RF-MEMS AND THEIR APPLICATIONS IN MULTIMODAL CIRCUITS
3.1.2 FBK-irst RF-MEMS technology
The technology used for the fabrication of the devices presented in this chapter consists of an eight-
mask surface micro-machining process, developed by the MEMS group of FBK [5]. Fig. 3.3 shows the
fabrication process flow. First, an insulating layer consisting of 1µm of silicon oxide is grown by wet
thermal oxidation.The DC -actuation pads, bias lines and contact bumps (dimples) are defined by us-
ing a high-resistivity polysilicon layer with a thickness of 0.63 µm. An insulating layer of 300 nm SiO2
is deposited by LPCVD (low pressure chemical vapor deposition) using TEOS (tetraethyl orthosili-
cate). A second lithography step defines the opening for the contacts (Fig. 3.3a)). A multi-metal layer
(Ti/TiN/Al/Ti/TiN) with the same thickness than polysilicon (0.63 µm, in order to avoid distortions in
the bridge) is used as an “underpass” to connect signal lines under suspended structures. Then, a 100
nm thick SiO2 dielectric layer (low temperature oxide, LTO) is deposited. The next lithography step
defines the vias in the LTO. A 5-nm-Cr 150-nm-Au layer (Fig. 3.3c)) is deposited by electron beam gun
to be used both as floating metal and to reduce the metal-Au resistance inside vias. This 150-nm layer
defines metal-insulator-metal (MIM) capacitors or ohmic contacts. For the fabrication of suspended
movable membranes and air bridges, different thicknesses of sacrificial layer (spacer) can been used,
usually from 1.6 µm to 3 µm. Two gold layers of different thicknesses can be deposited (electroplated)
to define transmission lines and suspended membranes. The movable bridges are manufactured us-
ing a 1.8-µm-thick gold layer (Fig. 3.3e) and a second 3.5-µm-thick superimposed gold layer (Fig.
3.3f) is used to increase the rigidity of selected parts of the membranes.
Figure 3.3 – Process flow. a) Thermal oxidation; polysilicon and TEOS deposition and contact opening. b) Metal de-
position and patterning. c) LTO deposition, vias opening and floating metal deposition. d) Spacer deposition and
backing. e) Seed layer and first Au “Bridge” electroplating. f) Second Au “CPW” electroplating and release of sus-
pended structures. (Figure taken from [5]).
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The advantages of this process are:
• RF and DC actuation pads are de-coupled, thus increasing power-handling capabilities and
unwanted RF coupling effects.
• The third 150-nm gold layer (or floating metal, FLOMET) ensures that the down-state capacity
is always the same.
• The process is compatible with high-resistivity silicon wafers and quartz wafers.
• Dielectric-less switches can be designed to increase reability [5].
The following sections will explain the design of capacitive and ohmic switches using the FBK process.
3.1.3 Design of a low-voltage capacitive switch
In this section, the design of a low-voltage electrostatic-actuated capacitive switch will be explained.
The chosen characteristics of the capacitive switch are:
• Insertion loss below 1 dB up to 50 GHz.
• Isolation from 20 GHz to 75 GHz higher than 15 dB.
• Pull-in voltage below 25 V.
As explained in section 3.1.1, the pull-in voltage voltage Vpi of the devices is defined by the area and
separation of the bias electrodes, and also by the stiffness of the suspension k. In this case, folded
beam suspensions (Fig. 3.4) were chosen due to its capability to compensate for intrinsic residual
stress gradients induced by the fabrication process and to provide a good trade-off between spring-
constant values and the spacer thickness, in order to obtain a low-actuation voltage [42, 55].
Figure 3.4 – Capacitive switch layout. Grey areas represent a single gold layer with a thickness t2 = 1.8 µm and black
areas represent anchors and the reinforcement frame of the membrane (gold layer with total thickness of t1+ t2 = 5.3
µm). The membrane is divided in 3 sections, in which the square sections represent the electrodes, and the rectangu-
lar (center) section makes contact with the capacitive area.
The devices were fabricated using different thicknesses of sacrificial layer (spacer of 2.7 µm and 1.6
µm). The total stiffness of the suspension can be calculated analytically [42]. However, to take into
account the residual stresses produced by the fabrication process, a 3D FEA) (finite element analysis)
using ANSYS® WorkbenchTM has been performed. As shown in the last section, the process allows
the deposition of two different gold layers: the suspensions and the membrane can be fabricated with
a single layer with a thickness of t2 = 1.8 µm. The membrane can be reinforced using the second gold
layer with a thickness t1 = 3.5 µm. The used initial stress values are sv2 = 58 MPa (gold layer with a
thickness t2 = 1.8 µm) and sv1 = 62 MPa (gold layer with a thickness t1 = 3.5 µm). Once the dimensions
of the device are parameterized, its 3D model is built and the physical properties of the materials of
the switch are defined. After meshing the structure and defining the boundary conditions, a static
structural simulation was performed.
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The area of each polysilicon actuation electrode is 90 µm × 85 µm. The simulated stiffness constant
is kAN SY S = 16.3 N/m. Then, the calculated pull-in voltage using (3.6) is Vpi = 12 V. In the case of
the switch with an air-gap of 2.7 µm, the calculated Vpi is 26 V. Fig. 3.5 shows the deformation of the
membrane (switch with a 1.6-µm air-gap) when a bias voltage of 12 V is applied to the electrodes.
Figure 3.5 – Displacement of the capacitive switch (1.6-µm sacrificial layer) when Vbi as = 12 V.
Before calculating the required capacitance, an electromagnetic (EM) simulation of the switch should
be performed to evaluate the inductance and the resistance of the switch in the down-state, which de-
fines the electrical resonance frequency of the switch. Fig. 3.6 shows the results of the EM simulation
(performed using Agilent Momentum). The chosen area of the MIM capacitor (formed by stacking
three layers: 150 nm gold (FLOMET), silicon oxide and the multi-metal layer) under the central part
of the bridge is 90 µm × 50 µm, which gives a capacitance of 1.5 pF (without taking into account the
fringing fields). The MIM capacitor and the inductance of the switch on the down state forms a series
RLC circuit, that resonates at 50 GHz.
Figure 3.6 – EM simulation of the capacitive switch.
The device was fabricated on a quartz substrate with a thickness h =300 µm, and it is shown in Fig.
3.7. Fig. 3.8 shows the measured C–V hysteresis curve of a 1.6-µm air-gap capacitive switch. The 12-V
measured pull-in voltage agrees with FEA simulations. Four devices were measured (two with d = 1.6
µm and two with d = 2.7 µm) showing similar hysteresis curves in each case.
36
3.1. RF-MEMS electrostatic switches
Figure 3.7 – RF-MEMS bridge-type capacitive switch (fabricated on quartz substrate with a thickness h = 300 µm ).
Figure 3.8 – Measured C–V hysteresis of a capacitive switch (air-gap d = 1.6 µm).
As can be seen in Fig. 3.7, the switch was implemented on a CPW test-circuit composed of two CPW
sections with different dimensions due to fabrication and measurement constraints. The outer CPW
sections feature 20-µm slots and a 50-µm central strip, resulting in characteristic even and odd-mode
impedances Z0e1 = 65Ω and Z0o1 = 100Ω, respectively. The inner CPW section features 195-µm slots
instead, resulting in characteristic even and odd-mode impedances Z0e2 = 135Ω and Z0o2 = 195Ω, re-
spectively. The S parameters of the high impedance CPW line, where the switches are actually placed,
were obtained by de-embedding of the low-impedance input and output sections. The dimensions
and mechanical parameters of the proposed switches are shown in Table 3.1.
The RF performance of the switches was measured using 150-µm-pitch GSG probes. After normaliz-
ing with the appropriate characteristic impedance, the measured insertion loss when the switch is in
its up state is lower than 0.4 dB, while the return loss is better than 20 dB up to 50 GHz. Fig. 3.9 shows
the measured S parameters when the capacitive switches are in their down state. The measured iso-
lation is better than 20 dB from 15 GHz up to 50 GHz.
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Parameter Air-gap d =1.6 / 2.7 µm
Meander length, a (µm) 30
Supporting-beams width (µm) 10
Supporting-beams length, b (µm) 65
Supporting-beams length, e (µm) 45
Bridge width, c (µm) 90
Window width, d (µm) 70
Bridge length, f (µm) 230
MIM area (µm2) 50×90
Spring constant, k (N/m) 16.3
Pull-in voltage, Vpi (V) 12 / 25
Pull-out voltage, Vpo (V) 5.5 / 12
Table 3.1 – Dimensions and parameters of the switch of Fig. 3.7.
Figure 3.9 – S parameters of two different capacitive switches (with 1.3-µm and 2.7-µm air gap) in the down state.
Fig. 3.10 shows the equivalent circuit model of the capacitive switches. The value of the elements
of the equivalent circuit were obtained from the measured data. For 2.7-µm air-gap switches, the
up-state capacitance is CCo f f = 0.0305 pF. The down-state measured capacitance (on both 1.6-µm
and 2.7-µm air gaps) is CCon = 1.53 pF. Thus, the capacitance ratio is CCon/CCo f f = 50.16. The circuit
simulation is shown in Fig. 3.9. As can be seen, the simulated isolation is better than 30 dB from 31
GHz to 80 GHz.
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Figure 3.10 – Equivalent circuit model of the capacitive switch. The switch capacitance is CCo f f = 0.0305 pF in the up
state and CCon = 1.53 pF in the down state. For both states, RC = 0.01Ω, LC = 6.6 pH. βe1, βe2 are the CPW even-mode
phase constants.
3.1.4 Low-voltage ohmic switches
3.1.4.1 RF-MEMS switchable CPW air-bridges (SABs) on quartz substrates
Fig. 3.11 shows a RF-MEMS ohmic-contact switch which behaves as a switchable short-circuit for the
CPW odd-mode. This device can be used in MEMS multimodal circuits and slotline MEMS tunable
circuits. When a bias voltage higher than the actuation voltage (Vpi ) is applied to the electrodes, the
bridge makes an ohmic contact with a 150-nm-thick gold layer (FLOMET), which is connected to
the ground planes of the CPW, by using the multi-metal layer as an underpass. To improve contact
resistance, a dimple (with an area of 10 µm × 12 µm) of polysilicon has been placed under the multi-
metal layer at the contact area. Thus, in the up-state, the distance between the membrane and the
contact is just 1.3 µm.
Figure 3.11 – RF-MEMS switchable CPW air-bridge (fabricated on a quartz substrate with a thickness h =300 µm ).
As the capacitive switch described in the previous section, this device uses folded-beam suspensions.
Because of this, the structure can handle positive and negative stress gradients without compromis-
ing the function of the switch. Fig. 3.12 shows the simulated deformation of the bi-layer membrane,
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where the used initial stress values are sv2 = 58 MPa (gold layer with a thickness t2 = 1.6 µm) and sv1 =
62 MPa (gold layer with a thickness t1 = 3.5 µm). For this case, the simulated maximal deflection is
less than 0.07 µm.
Figure 3.12 – Simulated deformation due to stress gradient effects.
Fig. 3.13 shows an optical-profiler image and a plot of the surface profile of one of the fabricated
devices. As can be seen, the main membrane is almost flat. There is a very small negative stress
gradient; which has little effect in the performance of the device.
Figure 3.13 – Optical-profiler measurements of the fabricated ohmic switch.
The total overlap area of both electrodes is 0.014 µm2. The simulated stiffness constant is kAN SY S =
13.3 N/m. Then, the calculated pull-in voltage using (3.6) of the ohmic switches with an air-gap of
1.6 µm is Vpi = 11.4 V. The measured Vpi is 12 V, as shown in the measured hysteresis C–V curves of
Fig. 3.14 .The difference could be attributed to small differences in the thicknesses of the gold layers.
As can be seen, the isolation of the switch improves for bias voltages higher than Vpi , due to the fact
that the contact resistance also improves when the electrostatic force is increased.
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Figure 3.14 – Measured C–V hysteresis (at f = 50 MHz) of an ohmic switch (air-gap d = 1.6 µm).
The dimensions and mechanical parameters of the SAB are shown in Table 3.2.
Parameter Air-gap d =1.6 µm / 2.7 µm
Meander length, a (µm) 30
Supporting-beams width (µm) 10
Supporting-beams length, b (µm) 78
Supporting-beams length, e (µm) 67
Bridge width 1, c (µm) 90
Window width, d (µm) 60
Bridge length, f (µm) 275
Contact area (µm2) 10×12
Spring constant, k (N/m) 13.3
Pull-in voltage, Vpi (V) 12 / 26
Pull-out voltage, Vpo (V) 8 / 21
Center-beams area (µm2) 15×50
Down-state even-mode capacitance (pF) 0.095
Table 3.2 – Dimensions and parameters of the switch of Fig.3.11.
The RF performance of four different ohmic switches, concerning the CPW odd-mode was measured
using 150 µm-pitch SG-GS probes. The S parameters of the high-impedance CPW line where the
switch is actually placed were obtained from de-embedding of the low-impedance input and output
sections. After normalizing with the proper characteristic impedance, it can be seen that the insertion
loss of the switch in the up state is better than 1.2 dB up to 30 GHz, and the isolation in the down state
is better than 20 dB up to 8 GHz and 10 dB up to 30 GHz, as shown in Fig. 3.15.
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Figure 3.15 – Measured insertion loss (up-state) and isolation (down-state) of four different ohmic switches.
Using the measured data, the circuit model of Fig. 3.16 was obtained for the ohmic switch when
it is excited with the CPW odd-mode. The total inductance of the switch is Lt = 0.18 nH and its
total resistance is Rt = 2 Ω. This includes the effect of the underpass line and the ohmic-contact
resistances. The applied voltage in the above measurements is 1.4 ·Vpi =36.4 V.
Figure 3.16 – Equivalent circuit model (for the CPW odd mode) when the switch is in the down state, RT = 2 Ω and
LT = 0.18 nH. βo1, βo2 are the odd mode phase constants.
The influence of the switch on the even mode is mainly capacitive. When the pull-in voltage is applied
to the electrodes, the bridge touches the contact areas first, avoiding that the center beams of the
bridge remain flat above the underpass (less than 20% of the area of the center beams of the bridge
is making contact). After measuring the switch using GSG probes, it was found that the capacitance
in the down state is Cpe = 0.095 pF. The effect of Cpe over the even-mode S parameters is shown in
Fig. 3.17. If necessary, Cpe might be reduced by using narrow center beams (less than 15 µm, if design
rules allow it).
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Figure 3.17 – Even-mode measured S parameters for both states.
3.1.4.2 RF-MEMS switchable CPW air-bridges (SABs) on silicon substrates
Fig. 3.18 shows a switchable air-bridge fabricated on a high-resistivity (5 kΩ·cm) silicon substrate,
with a permittivity er = 11.9 and thickness h = 200 µm, using the integrated RF-MEMS process from
FBK. A sacrificial layer of 3 µm was used (the air gap between bias electrodes and the membrane is
around 2.9 µm) , and the air gap at the ohmic contact is 2.7 µm. Notice that under the contact areas,
a polysilicon bump (dimples with and area of 10 µm × 12 µm and a thickness of 0.63 µm) has been
placed to improve the contact.
Figure 3.18 – RF-MEMS switchable CPW air-bridge (fabricated on a silicon substrate).
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The dimensions of the switch are shown in Table 3.3. Compared to the SAB presented in the previous
section (a SAB fabricated on quartz), this device uses shorter folded-beam suspensions to reduce the
area of the switch, and thinner center beams to reduce the even-mode capacitance.
Parameter
Meander length, a (µm) 30
Supporting-beams width (µm) 10
Supporting-beams length, b (µm) 58
Supporting-beams length, e (µm) 58
Bridge width, c (µm) 90
Window width, d (µm) 70
Bridge length, f (µm) 275
Contact area (µm2) 10×12
Spring constant, k (N/m) 16
Pull-in voltage, Vpi (V) 30
Center-beams area (µm2) 10×50
Down-state even-mode capacitance (pF) 0.047
Table 3.3 – Dimensions and parameters of the switch of Fig.3.18.
As can be seen in Fig. 3.18, the CPW test-circuit has been modified to reduce the inductance of
the underpass line connected to the ground planes (which contributes to the total inductance Lt
of the switch). The CPW test-circuit is composed of two CPW sections with different dimensions: the
outer CPW sections feature 20-µm slots and a 50-µm central strip, resulting in characteristic even
and odd-mode impedances Z0e1 = 50Ω and Z0o1 = 102Ω, respectively. The inner CPW section has
a characteristic even and odd-mode impedances Z0e2 = 78Ω and Z0o2 = 118Ω, respectively. The S
parameters of the high impedance CPW line, where the switches are actually placed, were obtained
by de-embedding the low-impedance input and output sections. After normalizing with the proper
characteristic impedance, it can be seen that, for the CPW odd-mode, the insertion loss of the switch
in the up state is better than 0.65 dB up to 30 GHz, and the isolation in the down state is better than 20
dB up to 9.02 GHz, as shown in Fig. 3.19. Using the same equivalent circuit as in Fig. 3.16, when the
switch is in the down state, RT = 1Ω and LT = 0.12 nH. Thus, RT and LT have improved with respect
to the SAB fabricated on a quartz substrate.
Figure 3.19 – Measured insertion loss (up state) and isolation (down state) of one SAB fabricated on a silicon substrate.
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In the down-state, the bridge is making contact with the ground planes, but the overlapping RF area
(center beams) is just ARF = 2·(10 µm × 50 µm). As explained before, polysilicon dimples have been
placed under the contact areas. Thus, when the pull-in voltage is applied to the electrodes, the bridge
touches the contact areas first, avoiding that the center beams of the bridge remain flat above the
underpass (less than 20% of the area of the center beams of the bridge is making contact). Since
the center beams of the switch are narrower, the measured capacitance in the down state is smaller
(Cpe =0.047 pF). This agrees with the calculated capacitance of a two-dielectric layer capacitor [42]
(assuming that the contact area is 20%, and a roughness, dai r =500 Å),
Cd =
ε0 A
2
(
1
dai r + td /εr
+ εr
td
)
where εr is the permittivity of the silicon-dioxide layer.
This means that this SAB has less impact on the CPW even-mode, and, in addition, it is more robust
against high-power level effects, such as self-biasing and power latching. Since the switch is not con-
nected to the ground planes in the up-state, and the odd-mode overlapping RF area is minimal, it is
highly immune to self-actuation.
3.1.5 A switched capacitor bank
In this section, a MEMS ohmic switch for slotline circuits is presented. Fig. 3.20 (a) shows a slotline
3-bit switched capacitor bank, designed for uniplanar tunable filters operating between X and Ku
bands. It is composed of 3 ohmic cantilevers [56], which are connected to MIM capacitors. The 3-
bit capacitor bank was fabricated on a high-resistivity (5 kΩ·cm) silicon substrate, with a permittivity
er =11.9 and thickness h = 200 µm, using the integrated RF-MEMS process from FBK. A sacrificial
layer of 3 µm is used, and the air gap at the ohmic contact is 2.7 µm. The bias electrodes have an area
of 110 µm×110 µm . The pull-in voltage is Vpi = 56 V, thus the estimated stiffness constant is k = 42
N/m. The ohmic contact between the 1.8-µm-thick gold layer and the FLOMET layer was designed
to obtain a low up-state capacitance. Fig. 3.20(b) shows a close-up of a switched capacitor. The
overlapped area between each FLOMET finger (there are 7 fingers per switch) and the cantilever is
just (14 µm×8 µm), thus the maximum the up-state capacitance per switch is COF F = 2.5 fF (without
fringing effects). This matches with the total up-state measured capacitance of the switched capacitor
bank, CT _OF F = 10 fF.
Figure 3.20 – RF-MEMS 3-bit switched capacitor bank. (a) Test structure. (b) Detail of a single switched capacitor.
The area of the switched capacitor bank, including bias lines, is 0.96 mm × 0.82 mm. The capacitor
bank of Fig. 3.20(a) was measured using 150-µm-pitch SG-GS probes. Fig. 3.21 shows the measured
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S parameters and the insertion phase for all states of the switched capacitor bank. As can be seen, the
insertion phase increases as the capacitance of the switched bank increases.
Figure 3.21 – Measured S parameters and insertion phase of the switched capacitor bank.
The maximum “down-state” capacitance is CT _ON = 276 fF, and therefore the capacitance ratio is
CT _ON /CT _OF F = 27.6. Table 3.4 shows the measured capacitance per bit. From the measured data,
the circuit model of Fig. 3.22 was obtained (up-state capacitance per bit is not shown).
Bit MIM capacitor area (µm2) Measured capacitance (ohmic switch in the down state), CON (fF)
1 25 × 14.5 127.5
2 25 × 11 97
3 25 × 6 51.5
Table 3.4 – Switched capacitor bank parameters.
Figure 3.22 – Equivalent circuit model of the 3-bit switched capacitor bank of Fig. 3.20(a). RC = 1.2 Ω, LC = 4 pH.
Z0s = 50Ω and Z0s2 =90Ω.
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MULTIMODAL BANDPASS FILTERS
T
his chapter introduces new topologies of uniplanar multimodal bandpass filters. It will be
shown that multimodal CPW structures offer potential advantages over conventional microstrip
and monomodal CPW filters, such as easy reconfiguration and the possibility to increase the
rejection or attenuate harmonics by adding additional transmission zeros, and, at the same time,
maintain a small area.
4. MULTIMODAL BANDPASS FILTERS
4.1 Multimodal Bandpass filters based on CPW asymmetrical shunt
impedances
4.1.1 Bandpass filter based on asymmetrically-loaded resonators
A second-order filter can be obtained by cascading two multimodal resonators, as shown in Fig. 4.1.
Here, the central admittance inverter (J12) is a quarter-wavelength even mode CPW, formed by the
sum of lengths l2+ l ′2+∆l .
Figure 4.1 – Multimodal CPW bandpass filter.
Admittance inverters J01 and J23 are also λe /4 CPW sections, whose length is absorbed by l1 and l ′1
respectively. The multimodal circuit model of the bandpass filter is shown in Fig. 4.2.
Figure 4.2 – Circuit model of the multimodal CPW bandpass filter.
Following the nomenclature used in [40] for a second-order filter (see Fig. 4.3), the design equations
for the structure of Fig. 4.2 are
Ceq1 =
Y 2
0e1
Ωc g0g1
Y0F BWω0
, (4.1)
Ceq2 =
Y 2
0e3
Ωc g2g3
Y3F BWω0
, (4.2)
and
J 20,1 J
2
2,3
J 21,2Y
2
3
= Y
2
0e1Y
2
0e3
Y 20e2Y
2
3
= 1; (4.3)
where Ceq1,Ceq2 are the equivalent capacitances of the first and second resonators, respectively (see
Fig. 4.3), Y0e1 and Y0e3 are the characteristic admittance of the first and third inverters, respectively;
Y0o and Y ′0o are the odd mode characteristic admittance of the first and second resonators, respec-
tively, Y0 is the generator admittance and Y3 is the load admittance. Equation (2.3) describes the
relationship between the lengths l1 and l ′1 and the capacitances Ceq1,Ceq2 (Chapter 2, Section 2.1.1).
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Figure 4.3 – A generalized two-pole bandpass filter using admittance inverters.
Equations (4.1) and (4.2) establish the relationship between F BW, admittance inverters and slot short-
circuit positions: the F BW can be changed by varying the characteristic impedance of the inverters or
by changing the position of the slot short-circuits. The second option will be demonstrated in chapter
5.
4.1.2 Filters with multimodal immitance inverters and slotline resonators
This section presents the design and implementation of uniplanar bandpass filters that use end-
coupled slotline resonators and multimodal immittance inverters (MMIs). The design equations of
the CPW-slotline transition as a impedance inverter were presented in Section 2.1.2 of Chapter 2. In
this section, different classes of compact, low-loss, arbitrary-order, easily-reconfigurable, uniplanar
filters featuring half-wavelength and quarter-wavelength end-coupled resonators are presented. The
bandpass filters are based on the coupled-resonator structure of Fig. 4.4, whose normalized inverter
values can be computed from [40] and are summarized in Table 4.1. λ0s2 is the wavelength for the
slotline mode (compatible with the odd mode) at the center frequency f0.
Figure 4.4 – Generic coupled-resonator filter structure.
l =λ0s2/2 l =λ0s2/4 (n even)
K01 =
√
Z0e1 Z0s2piF BW
2g0g1
K01 =
√
Z0e1 Z0s2piF BW
4g0g1
Ki−1,i = Z0s2piF BW2pgi−1gi
Ji−1,i (i even)= piF BW4Z0s2pgi−1gi or
Ki−1,i (i odd)= Z0s2piF BW4pgi−1gi
Kn,n+1 =
√
Z0e1 Z0s2piF BW
2gn gn+1
Kn,n+1 =
√
Z0e1 Z0s2piF BW
4gn gn+1
Table 4.1 – Design values for the coupled-resonator filter of Fig. 4.4.
Two different filter structures, which use the immitance inverters as their outer K inverters (K01 and
Kn,n+1), can be implemented. One of them features half-wavelength (λ0s2/2) slotline resonators (and
inner K inverters realized by inductive coupling [57–59]), as that shown in Fig. 4.5(a) for a second-
order filter. The other filter features quarter-wavelength (λ0s2/4) slotline resonators (and alternating J
and K inner inverters realized by capacitive [57] and inductive coupling, respectively), as that shown
in Fig. 4.5(b), again for a second-order filter. The CPW-slotline transitions used as (outer) multimodal
immittance inverters (see Section 2.1.2) perform simultaneously several circuit functions:
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• They behave as immitance inverters.
• They perform a modal conversion between the exciting CPW even modes and the inner slotline
modes, including the impedance transformation between even and slotline modes (usually Z0s2 >
Z0e1), which is embedded in their behavior as inverters.
• They perform, in contrast with other CPW-to-slotline transitions reported in the literature, a
shunt connection between an input (even-mode) CPW, an output slotline and two even/odd-mode
CPW stubs in a simple way. This shunt connection is necessary for the filters proposed below.
• They can create additional transmission zeros to attenuate harmonic transmission bands.
On the other hand, the inner slotline structure presents several advantages over a CPW even-mode
one:
• It is easier to bend slotline resonators (for size-reduction) than CPW resonators since the former
do not present problems associated with odd-mode generation (and resonance) which can arise from
the non-ideal behavior of the air bridges placed at the CPW bends [21].
• The inductive and capacitive coupled ends of the slotline sections are more immune to dimen-
sion tolerances than those of even-mode sections, thus resulting in better-defined and repeatable
inverter constants.
• Reconfigurable filters can be easily obtained by means of active devices shunt connected be-
tween lateral ground planes in slotline or odd-mode structures. This technique avoids the symmetric
active-device duplication needed in even-mode configurations, with its associated problems of space
and of spurious odd-mode generation if the symmetry is not well preserved.
Figure 4.5 – Second-order multimodal coupled-resonator bandpass filters. (a) Filter with half-wavelength (λ0s2/2)
slotline resonators (and inner K inverters). (b) Filter with quarter-wavelength (λ0s2/4) slotline resonators (and alter-
nating inner J and K inverters).
The filter of Fig. 4.5(a) can be modeled by using the multimodal circuit of presented in section 2.1.2
for the outer K01 and K23 inverters, as shown in Fig. 4.6(a). From Fig. 4.6(a), it is apparent that the
filter features a physical odd-mode–slotline resonator of length lr = lo1+ls2+λ0s2/2, where lo1 ≈−ls2.
Thus, the second-order filter of Fig. 4.6(a) has a total length around λ0s2.
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Figure 4.6 – (a) Multimodal circuit model for the filter with half-wavelength slotline resonators of Fig. 4.5(a). (b)
Multimodal circuit model for the filter with quarter-wavelength slotline resonators of Fig. 4.5(b).
In the same way, the filter of Fig. 4.5(b) can be also modeled by using the multimodal circuit of pre-
sented in section 2.1.2 for the outer K01 and K23 inverters, as shown in Fig. 4.6(b). In this case, the
filter features a physical odd-mode–slotline resonator of length lr = lo1+ls2+λ0s2/4, where lo1 ≈−ls2.
Thus, the second-order filter of Fig. 4.6(b) has a total length around λ0s2/2.
The filters of Fig. 4.5 exhibit the following transmission zeros and attenuated bands:
• The usual attenuated bands of the coupled-resonator filter structures of Fig. 4.4, i.e. at (2n+1) ·
f0/2 for a filter with half-wavelength resonators (Fig. 4.5(a) ), and at 2n · f0 for a filter with quarter-
wavelength resonators [Fig. 4.5(b) ].
• Transmission zeros at frequencies where βo1lo1 = npi (Fig. 4.5), because a short circuit is seen at
the asymmetric shunt-short-circuit transition.
• Transmission zeros at frequencies where βe2le2 = (2n+1) ·pi/2 (Fig. 4.5), because a short circuit
is seen at the asymmetric shunt-short-circuit transition.
• Attenuated bands at frequencies whereβs2(ls2+λ0s2/2)≈ npi for a filter with half-wavelength res-
onators (Fig. 4.5(a)) because the approximate short-circuit condition of the K12 inverter transforms
into an imperfect short circuit at the asymmetric shunt-short-circuit transition.
• Attenuated bands at frequencies where βs2(ls2+λ0s2/4) ∼= (2n+1) ·pi/2 for a filter with quarter-
wavelength resonators (Fig. 4.5(b)) because the approximate open-circuit condition of the J12 in-
verter transforms into an imperfect short circuit at the asymmetric shunt-short-circuit transition.
Thus, the filter design offers multiple degrees of freedom in order to allocate transmission zeros at
several filter harmonic passbands. For instance, in the quarter-wavelength filter of Fig. 4.5(b), a
choice of βe2le2 = pi/6 and βe2l ′e2 = pi/10, at f0, would generate transmission zeros at 3 f0, 9 f0, 15 f0,
,. . . , and 5 f0, 15 f0, 25 f0,. . . , respectively, thus attenuating the first (3 f0) and second (5 f0) harmonic
bands, among others. Besides, the rest of attenuation and transmission-zero generation mecha-
nisms described above would generate additional attenuated bands which could result in a very wide
spurious-free band.
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4.1.2.1 Filters with half-wavelength slotline resonators
In order to design the filter (let us suppose a second-order filter such as that of Fig. 4.5(a)) , for
a desired fractional bandwidth F BW and low-pass filter prototype elements, the required inverter
constants are calculated using the expressions in Table 4.1. Next, |BL | , βe1le1 and βs2ls2 are com-
puted, using the equations of section 2.1.2, for |B | = 1/K01 and physically realizable characteristic
impedances. With βe2le2 chosen to suppress some harmonic pass band, βo1lo1 can then be com-
puted. The same procedure is applied to the output inverter K23. Finally, the inverter K12 is designed
by properly choosing the inductive coupling between slotline-section ends using the pole-splitting
method [41]. A useful expression for assessing the attainable filter F BW , in terms of the admittance
ratio R = Y0s2/Y0e1 is
F BW = g0g1
pi
·
[
F −
√
F 2−4
]
(4.4)
where
F = 4R ·
(
1+ 1
16R2
+ ∣∣B¯L∣∣2) .
From (4.4) it can be seen that, for a chosen value of le2, the F BW can be controlled either by changing
the length lo1 or the impedance ratio R. In Fig. 4.7, the attainable F BW for a half-wavelength filter
(l = λ0s2/2) is plotted as a function of the electrical length βo1lo1, with R as parameter. The degree
of control on the F BW by changing R (which depends on the CPW transverse dimensions) is more
limited than by changing βo1lo1.
Figure 4.7 – Attainable F BW versus odd-mode electrical length βo1lo1 (for le2 = 0), for a half-wavelength filter (l =
λ0s2/2) .
4.1.2.2 Filters with half-wavelength slotline resonators and stub-line-stub sections
In order to shorten a slotline section in the filter of Fig. 4.5(a) (or, in fact, in any other), as well as to
achieve a better harmonic band suppression, a slotline section of length l can be replaced by a shorter
stub-line-stub (SLS) section (Fig. 4.8), with slotline characteristic impedance Z0l and identical series
slotline stubs with input reactance Xs . The relationship between the length l of the replaced slotline
section, its characteristic impedance Z0s2, and the parameters of the SLS section (βl ll , Z0l , and Xs)
can be derived, at the filter center frequency f0 as
X¯s =−cot(βs l )+
√(
1
sin(βs2l )
)2
− (Z¯0l )2 (4.5)
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Z¯0l =
si n
(
βl ll
)
si n
(
βs2l
) , (4.6)
where Xs and Z0l are normalized to Z0s2. The minimal achievable Z0l (corresponding to the mini-
mal achievable slot width), limits the amount of length reduction (ll as compared to l ) in (4.6). For
a typical impedance ratio = 0.7 and βs2l l = 90◦, the length reduction would be some 25%. The inser-
tion of a SLS section modifies the filter fractional bandwidth F BW due to the change in the slope of
susceptance at the resonator feeding points caused by the series stubs and the different characteris-
tic impedance Z0l of the reduced section. Since the analytical expression of the susceptance slope
is cumbersome, the multimodal model of Fig. 4.6(a) (modified with that of Fig. 4.8 (b)) can be used
to easily fine tune the feeding point and SLS-section position to preserve the intended F BW . Only
small changes in the length lo1 are required. The short-ended stubs of input reactance Xs provide
additional transmission zeros at those frequencies where their length is an odd multiple of a quarter
of wavelength because then an open circuit is presented to the slotline.
Figure 4.8 – Stub-line-stub (SLS) sections. (a) Topology. (b) Circuit model.
A second-order Butterworth bandpass filter with half-wavelength slotline resonators and SLS sections
was designed, with center frequency f0 = 2 GHz and F BW = 0.04 (Fig. 4.9). It was fabricated on a
Rogers RO3003 substrate with εr = 3.02, dielectric thickness of 1.52 mm, tanδ=0.0013, and copper-
layer thickness of 35 µm. The dimensions of its CPW section are: central-strip width w = 0.6 mm, slot
width s = 0.3 mm, and ground-plane width wg = 8.96 mm. The slot width of the slotline section is
1.2 mm. For these dimensions, Zoe = 83Ω and Z0o = Z0s = 92Ω.The width of the SLS stubs and line
is 0.2 mm, which corresponds to an impedance Z0l = 67 W, and their electrical lengths are 25.26
◦ and
46.656◦ respectively. The rest of the filter parameters are summarized in Table 4.2.
Figure 4.9 – Fabricated second-order bandpass filter with half-wavelength slotline resonators and SLS sections.
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l o1, l ′o1 7.6 mm
l s2, l ′s2(calculated) -9.05 mm
ls 8.3 mm
ll 14.5 mm
Length of first slotline section, l1 9.1 mm
Length of second slotline section, l2 8.8 mm
lr , l ′r 39.75 mm
Coupling length (K12 inverter) 8 mm
Table 4.2 – Dimensions of the filter of Fig. 4.9.
Fig. 4.10 compares the filter measured S parameters with those obtained from its multimodal circuit
model (including transmission-line losses). The insertion loss is 1.8 dB, and the return loss is better
than 25 dB at f0. The good agreement between simulation and measurement validates the proposed
filter concept and its multimodal analysis.
Figure 4.10 – Comparison between measurement and circuit simulation of the filter of Fig. 4.9.
The filter area is 89 mm × 19 mm; since the odd-mode wavelength is 119.2 mm at 2 GHz, the fil-
ter length (in λ ) is 0.74 λ. As mentioned above, the SLS structure reduces length and improves the
out-of-band rejection, due to the frequency response of the SLS, which is close to the frequency re-
sponse of the replaced slotline section only at the vicinity of f0, but differs from it at other frequencies.
Specifically, it can be shown by simulation of the SLS section alone that the presence of the SLS stubs
creates a transmission zero at 7.61 GHz, where the SLS stub lengths (ls) are a quarter of wavelength
(open circuit presented to the slotline). Other zeros are created at 11.32 GHz, where the odd-mode
stub lo1 is a half-wavelength, and at 2.27 GHz, where the rest of the odd-mode resonator (formed by
l1, the SLS section and l2) behaves as a half-wavelength stub, thus presenting short circuits at the
slotline-resonator feeding point. Due to these combined effects, the harmonic pass bands at n f0 are
attenuated. In Fig. 4.11, the measured filter response is plotted up to 16 GHz, showing that the har-
monic pass bands are below −20 dB in a wide frequency range (4–16 GHz). The difference between
the multimodal circuit simulation and the measured data above 6 GHz is attributed to the fact that
the circuit modeling of the inductive coupling (performed at f0 = 2 GHz) looses its accuracy above
this frequency, and to parasitics added by the coaxial-to-CPW transition.
4.1.2.3 Filters with quarter-wavelength slotline resonators
The filter structure depicted in Fig. 4.5 (b) can be modeled, by using the multimodal of section 2.1.2,
for the outer K01 and K23 inverters, as shown in Fig. 4.6 (b). In this case, slotline l0s2/4 resonators are
used, so the filter length is roughly a half of that presented in section 4.1.2.1. It can be designed, from
the parameters on Table 4.1, for the generic filter of Fig. 4.4, in an analogous way. Fig. 4.12 shows the
layout of a second-order filter with slotline meanders to improve its compactness.
54
4.1. Multimodal Bandpass filters based on CPW asymmetrical shunt impedances
Figure 4.11 – Measured wide-band response of the filter of Fig. 4.9 and circuit simulation.
As explained above (see Fig. 4.4), higher-order filters with quarter-wavelength slotline resonators can
be obtained by alternating J and K inverters, as in the fourth-order filter whose layout is shown in
Fig. 4.13 . The two inner resonators of this filter were bent in order to achieve greater compactness,
whereas its two outer resonators were not bent in this case so as to facilitate its measurement with a
probe station.
Figure 4.12 – Layout of the fabricated second-order bandpass filter with quarter-wavelength slotline resonators.
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Figure 4.13 – Layout of the fabricated fourth-order bandpass filter with quarter-wavelength slotline resonators.
l o1, l ′o1 5.1 mm
l s2, l ′s2 -5.03 mm
lr , l ′r 25.8 mm
Coupling gap (J12 inverter) 0.1 mm
Table 4.3 – Dimensions of the filter of Fig. 4.14 (a).
Both filters were fabricated on the Rogers RO3003 substrate, with a εr = 3.02, dielectric thickness of
1.52 mm, tanδ=0.0013, and copper-layer thickness of 35 µm. For the input and output CPW sections,
a central-strip width of s = 0.2 mm, with a slot width of w = 0.1 mm and a ground-plane width of wg =
2.18 mm were used. The slotline section has a slot width of 0.4 mm. For the chosen dimensions, Z0e
= 75 W, Z0o = Z0s = 90.5 W. For the second-order filter, a Chebyshev response with a ripple of 0.1 dB,
F BW = 0.05, and center frequency f0 = 1.95 GHz, was chosen. The fabricated filter, with an area of
25.4 mm × 18.95 mm, and whose lengths are listed in Table 4.3, is shown in Fig. 4.14 (a).
Figure 4.14 – Fabricated bandpass filters with quarter-wavelength slotline resonators. (a) Second-order 1.95-GHz
filter. (b) Fourth-order 2-GHz filter with even-mode stubs for harmonic pass band attenuation.
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Fig. 4.15 compares the filter measured S parameters with those obtained from its multimodal circuit
model (including transmission-line losses). A minimal insertion loss of 1.6 dB can be appreciated
in the pass-band response shown in Fig. 4.15(a). In Fig. 4.15 (b) the wide-band response is plotted
showing that the first harmonic pass band at 3 f0 (as expected from a filter based on l0s2/4 resonators)
is not attenuated because no even-mode stubs are used in the multimodal inverters.
Figure 4.15 – Comparison between measurement and circuit simulation of the filter of Fig. 4.14 (a). (a) Narrow-band
response. (b) Wide-band response.
For the fourth-order filter of Fig. 4.14 (b), whose area is 63 mm × 37 mm, a Chebyshev response with
a ripple of 0.5 dB was chosen, with F BW = 0.1 and a center frequency f0 = 2 GHz. Its relevant lengths
are listed in Table 4.4. In this case, the outer multimodal inverters K01 and K45 include even-mode
stubs whose lengths le2 and l ′e2 have been chosen to attenuate the first and second harmonic pass
bands at 3 f0 (βe2le2 = pi/6) and 5 f0 (βe2l ′e2 = pi/10), respectively. In Table 4.5, the expected attenuated
frequency bands are for the filter of Fig. 4.14 (b) are listed, according to the attenuated-band and
transmission-zero generating processes described in Section 4.1.2.
57
4. MULTIMODAL BANDPASS FILTERS
l o1 5.79 mm
l ′o1 5.97 mm
le2 8.75 mm
l ′e2 5.22 mm
l s2, l ′s2 -6.1 mm
lr 25.43 mm
l ′r 25.61 mm
Coupling gaps (J12 and J34 inverters) 0.175 mm
Coupling length (K23 inverter) 0.6 mm
Table 4.4 – Dimensions of the filter of Fig. 4.14 (b).
Fig. 4.16 compares the filter measured S parameters with those obtained from its multimodal circuit
model (including transmission-line losses). The minimal measured insertion loss is 2.2 dB.
Attenuation mechanism Frequencies (GHz)
2n · f0 4, 8, 12, 16, 20, 24, 28,32, 36, 40, 44, 48
βe2le2 = (2n+1) ·pi/2 6, 18, 30, 42
βe2l ′e2 = (2n+1) ·pi/2 10, 30, 50
βo1lo1 = n ·pi 17.4, 34.8
βo1l ′o1 = n ·pi 16.88, 33.76
βs2(ls2+λ0s2/4)∼= (2n+1) ·pi/2 2.64, 7.92, 13.20, 18.5, 23.75,29, 34.3, 39.6, 44.9
Table 4.5 – Expected attenuated frequency bands for the filter of Fig. 4.14 (b).
Fig. 4.17 shows a wide-band comparison between simulation and measurement, in which it is ap-
parent that the spurious harmonic bands at 3 f0 and 5 f0 are attenuated due to the effect of the even
mode stubs. Finally, Fig. 4.18 shows the measured response up to 50 GHz, proving that the other
bands listed in Table 4.5 are also attenuated below −20 dB up to 50 GHz. Again, the good agreement
between simulations and measurements in Figs. 4.16 to 4.18 validates the proposed filter concept
and its multimodal analysis.
Figure 4.16 – Narrow-band comparison between measurement and circuit simulation of the filter of Fig. 4.14 (b).
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Figure 4.17 – Wide-band comparison between measurement and circuit simulation of the filter of Fig. 4.14 (b).
Figure 4.18 – Wide-band measured behavior (0.1GHz-50 GHz) of the filter of Fig. 4.14 (b).
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4.2 Uniplanar Bandpass Filters Based on Slotline-CPW Tees
4.2.1 Reduced-length filter based on a single slotline-CPW tee per resonator
Fig. 4.19 shows the layout of a bandpass filter that uses multimodal immittance inverters at the input
and output (K01 and K23), like the filters proposed in the last section. Instead of bending the res-
onators, this filter uses slotline-CPW tees to reduce the length of each resonator. This filter can be
modeled, by using the multimodal theory of section 2.1.2 for the outer K01 and K23 inverters, and the
theory of section 2.2.1 for the reduced-length slotline (l0s2/4 ) resonators.
Figure 4.19 – Second-order multimodal coupled-resonator bandpass filter with reduced-length quarter-wavelength
(λ0s2/4) slotline resonators featuring slotline-coplanar tees.
The multimodal circuit model of the filter of Fig. 4.19 is shown in Fig. 4.20. Using the equations pro-
posed in sections 2.1.2 and 2.2.1, a second-order multimodal coupled-resonator bandpass filter with
quarter-wavelength (λ0s2/4) slotline resonators has been designed. The chosen response is Cheby-
shev with a ripple of 0.1 dB, and a F BW = 0.08 at f0 = 1.52 GHz. A Rogers RO4350B substrate with
a relative permittivity εR = 3.66 and thickness h = 1.52 mm has been chosen. The dimensions of
the CPW section of the multimodal immittance inverters (K01 and K23), are: CPW central-strip width
w = 1.22 mm, CPW slot width s = 0.1 mm, slotline slot width 2s+w and CPW section ground plane
width wg = 2.18 mm. In order to measure the filter using 250 µm-pitch GSG probes, a taper with a
length lt = 2 mm, CPW central-strip width w = 0.1 mm and CPW slot width s = 0.1 mm has been used
at the input and output of the filter.
The dimensions of the slotline-CPW tee are: CPW central-strip width w = 1.04 mm, CPW slot with
s = 0.21 mm, slotline slot width 2s +w , and CPW section ground plane width wg = 1.68 mm. For a
insertion phase of 25◦ at f0 = 1.52 GHz, the calculated dimensions of the CPW section are le = 3.63
mm and lo = 9.65 mm.
Figure 4.20 – Second-order multimodal coupled-resonator bandpass filter with reduced-length quarter-wavelength
(λ0s2/4) slotline resonators, using MIIs and slotline-CPW Tees.
Fig. 4.21 shows the fabricated filter and its dimensions are shown in Table 4.6 .The total area of the
filter is 45.1 mm × 14.9 mm.
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l o1, l ′o1 8.3 mm
l s2, l ′s2(calculated) -8.1 mm
Length of first slotline section, l1 4.95 mm
Length of second slotline section, l2 7.4 mm
lr , l ′r 34.7 mm
Coupling gap (J12 inverter) 0.1 mm
Table 4.6 – Dimensions of the filter of Fig. 4.21.
Figure 4.21 – Fabricated second-order multimodal coupled-resonator bandpass filter with reduced-length quarter-
wavelength (λ0s2/4) slotline resonators with slotline-CPW tees (ruler scale in mm).
The filter of Fig.4.21 was measured using GSG probes with a pitch of 250 µm. Fig.4.22 compares the
measured S parameters with those obtained from its multimodal circuit model (including transmission-
line losses). The minimal insertion loss is 1.55 dB (at 1.52 GHz) , and the measured relative bandwidth
is F BW = 0.078.
Figure 4.22 – Comparison between measurement and circuit simulation of the filter of Fig. 4.21.
A second-order filter, using the same substrate and transmission line dimensions than that of Fig.4.21,
but without slotline-CPW tees for length reduction, has a total length of 2lr = 69.4mm. This means
that by using a single slotline-CPW tee per resonator, the length has been reduced approximately 35%.
4.2.2 Reduced-length filter using multiple slotline-CPW tees
In order to reduce the total area of the filter, more reduced-length slotline sections can be used as
shown in the second-order filter of Fig. 4.23. This filter uses two pairs of slotline-CPW tees connected
in cascade (in total 4 slotline-CPW tees) per resonator. This filter uses slotline inter-digital capacitors
at the input and output as immittance inverters. It was fabricated on a Rogers RO4003C substrate,
with a relative permittivity εR = 3.55 and a thickness h = 1.52 mm. It features a Chebyshev response
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with a ripple of 0.2 dB, and a F BW = 0.08 at f0 = 1.5 GHz. The calculated lengths, at f0 = 1.5 GHz,
of each CPW section are le = 4 mm and lo = 4.1 mm, which represent an insertion phase of 15◦ per
transition, for a total of 60◦ (including all 4 transitions). The slotlines between cascaded transitions
have a slot width ss = 0.2 mm and strip width ws = 1.1875 mm.
Figure 4.23 – Second-order multimodal coupled-resonator bandpass filter with 4 slotline-CPW Tees per resonator.
The fabricated filter is shown in Fig. 4.24. The area of the filter of Fig. 4.24 is 20.65 mm × 8.95 mm. A
slotline filter without slotline-CPW tees for length reduction would have a total length of 2lr = 64mm,
thus the filter has been reduced to just 32.2% of the normal length (almost a 68% of length reduction).
Compared to the guided wavelength, this filter measures only 0.16λ0s .
Figure 4.24 – Fabricated second-order multimodal coupled-resonator bandpass filter with 4 slotline-CPW tees per
resonator (ruler scale in mm).
The filter of Fig. 4.24 was measured using SG/GS probes with a pitch of 150 µm. Fig. 4.25 com-
pares the measured S parameters with those obtained from its multimodal circuit model (including
transmission-line losses). The minimal insertion loss is 2.7 dB (at 1.51 GHz) , and the measured frac-
tional bandwidth is F BW = 0.08 . As can be seen in Fig. 4.25, the measured data agrees with the
multimodal circuit modal from 1.1 GHz until 2.1 GHz, whereas the out-of-band response does not.
The difference below the passband (from 0.1 GHz to 1.1 GHz), is most probably due to a common-
mode excitation in the SG/GS probes. Indeed, it has experimentally been observed that this spurious
response largely depends on the measurement set-up (presence and disposition of metallic mechan-
ical supports of the probe station) [25].
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Figure 4.25 – Comparison between measurement and circuit simulation of the filter of Fig. 4.23.
An electromagnetic simulation of the filter of Fig. 4.23 was performed using Agilent Momentum; Fig.
4.26 shows the wide-band comparison with the measured data . As can be seen, the ripples below 1.1
GHz do not appear, but a spike can be seen at 2.3 GHz. This resonance is due to an excitation of a
parallel-plate mode in the slotlines with an additional ground plane (the probe station chuck). The
first harmonic of the spurious mode can be seen at 4.6 GHz. The propagation of this mode can be
avoided by using thicker substrates, or by suspending the filter structure in air with a special holder.
Figure 4.26 – Wide-band comparison between measurement and EM simulation (Agilent Momentum) of the filter of
Fig. 4.23.
4.2.3 Filters with slotline-CPW tees as immitance inverters
Fig. 4.27 shows a second-order bandpass filter, that uses inductive couplings at the input and output
(K12 and K23). The filter uses a double slotline-CPW tee as a central (J12) immitance inverter. The
multimodal circuit model of Fig. 4.28 and the design equations presented in Section 2.2.2 were used
to design a filter with a Chebyshev response with a ripple of 0.5 dB, and a F BW = 0.1 at f0 = 1.5 GHz.
The filter was fabricated on a Rogers RO4003C substrate, with a relative permittivity εR = 3.55 and a
thickness h = 1.52 mm.
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Figure 4.27 – Second-order multimodal bandpass filter with double slotline-CPW tees as immitance inverter.
Figure 4.28 – Circuit model of the multimodal bandpass filter with double slotline-CPW tees as immitance inverter of
Fig. 4.27.
The dimensions of the filter are shown in Table 4.7. The filter has compact area of 18 mm × 22 mm, or
(λ0s/7)× (λ0s/6) in terms of the slotline mode.
Length of slotlines, l s , l ′s 12.6 mm
Length CPW sections (even and odd mode), lC PW = le = lo = l ′e = l ′o 7.88 mm
Slotline slot width, s 1.85 mm
CPW central-strip width, w 2.3 mm
CPW gaps, s 0.1 mm
CPW-section ground-plane width, wg 2.4 mm
Table 4.7 – Dimensions of the filter of Fig. 4.27.
The filter was measured using SG/GS probes. Fig. 4.29 compares its measured S parameters with
those obtained from its multimodal circuit model (including transmission-line losses). The minimal
insertion loss is 2.2 dB (at 1.53 GHz) , and the measured fractional bandwidth is F BW = 0.1 . As in
the bandpass filter of the previous section, some spikes can be seen below 0.6 GHz, most probably
due a common-mode excitation in the SG/GS probes because of the proximity of metallic mechanical
supports of the probe station [25].
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Figure 4.29 – Comparison between measurement and circuit simulation of the filter of Fig. 4.27.
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unable and reconfigurable filters play an important role in the development of next-generation
multi-band communication systems, because they can reduce the overall size. In many cases,
these components have to be compact and energy-efficient.
This chapter introduces five topologies of reconfigurable and tunable filters using active devices (PIN
diodes and varactors) and RF-MEMS. In section 5.1, a PIN-diode bandwidth-reconfigurable filter,
using asymmetrically-loaded resonators is presented. Sections 5.2 and 5.3 show two topologies of
capacitive-loaded filters (using varactors and RF-MEMS respectively). In Section 5.4, a K-band RF-
MEMS bandwidth-reconfigurable filter is demonstrated.
Finally, section 5.5 shows a frequency-reconfigurable filter based on RF-MEMS switchable air-bridges
(SABs). These topologies demonstrate a relevant feature of multimodal filters: easy reconfiguration.
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5.1 A bandwidth-reconfigurable bandpass filter
Fig. 5.1 shows a second-order bandpass filter with reconfigurable bandwidth, based on the filter
topology described in Chapter 4 (Section 4.1.1). In this filter, the asymmetric-short-circuit positions
of each resonator can be easily changed using PIN diodes as shown in Fig. 5.1. The design goal is a
reconfigurable Butterworth filter that changes its bandwidth from F BW = 0.15 (state 1) to F BW = 0.2
(state 2), maintaining a central frequency of f0 = 2 GHz . The chosen diodes (Avago HPND-4028) ex-
hibit a low capacitance (Cd = 0.045 pF), low forward resistance (Rs = 3 W), and small size (0.65 mm ×
0.24 mm). In state 1, diodes D1 and D3 are forward-biased, and diodes D2 and D4 are reverse-biased.
In state 2, these biases are exchanged.
The chosen substrate (Rogers RO3003) has a relative permittivity εr = 3.02 , tanδ = 0.0013, thickness
of 1.52 mm , and copper-layer thickness of 35 µm. In the design, a uniform CPW has been used
with central-strip width of 2.8 mm, gap of 0.16 mm and ground-plane width of 5.6 mm. Therefore,
the three inverters are equal (Z0e = 1/Y0e1 = 1/Y0e2 = 1/Y0e3 ) and the parameters for the length ∆l
(see Chapter 4, Section 4.11) are equal to those used for the even mode. For the chosen dimensions,
Z0e = 50W and Z0o = 110W.
Figure 5.1 – PIN diode positions for the reconfigurable filter.
Figure 5.2 – Fabricated reconfigurable multimodal filter.
The assembled filter is shown in Fig. 5.2. In order to measure the filter, a pair of SMA coaxial connec-
tors has been used. Since the coaxial connectors act as a short circuit for the CPW odd mode, there is
no need to add additional air bridges at the input and output of the filter. Air bridges were fabricated
using a copper film with a thickness of 0.035 mm and width of 1.5 mm. An additional bridge at the
center of the structure was added to minimize the parasitic self-inductance. The circuit area without
SMA connectors is 116 mm × 14 mm (1.1λe ×0.2λe ). The diodes were polarized using external bias
tees, with a bias current of 20 mA. A comparison between simulated and measured results is shown in
Fig. 5.3. The simulated results were obtained using the multimodal circuit model of Fig. 4.2, in which
FGCPW (finite-ground CPW) losses and diode parasitics were taken into account. A shift in the cen-
tral frequency (60 MHz) can be observed in both measured states; this is due to fabrication process
errors. Also, a small difference is observed between simulated and measured F BW and insertion loss
(IL). This can be attributed to diode losses, which are higher than expected.
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Figure 5.3 – Frequency response of the fabricated tunable filter. (a) State 1. (b) State 2. Continuous line corresponds
to the simulated response (multimodal circuit) and dotted line corresponds to measured data.
Table 5.1 summarizes the calculated electrical lengths, the measured insertion loss (IL) and F BW for
each state of the fabricated tunable filter. To evaluate the contribution of the PIN diodes to the overall
loss of the filter, a third state (when all diodes are off and therefore the structure behaves like a 50-Ω
line) is also considered in Table 5.1.
State F BW (%) θ1 = θ′1(◦) θ2 = θ′2(◦) IL@2.06 GHz (dB)
1 14 146 34 1.39
2 21 139 41 1.1
3 N/A N/A N/A 0.35
Table 5.1 – Measured parameters of the reconfigurable multimodal bandpass filter.
5.2 A frequency-tunable filter with quasi-constant bandwidth
It is well known that frequency-tunable filters can be obtained by using capacitive-loaded resonators
[29,60,61]. In a conventional CPW even-mode varactor-loaded filter, two equal devices per resonator
are needed [61, 62] since the CPW even-mode resonator must be symmetrically-loaded with respect
to the central strip in order to avoid odd-mode generation, which is, in this case, undesired. However,
an advantage of using the odd-mode for the reconfiguration process (as proposed here) is that only
one varactor is needed for each resonator (or inverter), as shown in Fig. 5.4. In it, the varactor is
connected to the CPW ground planes, interacting thus with the odd mode while leaving the even
mode unaffected.
The circuit of Fig. 5.4 can be viewed either as a varactor-loaded odd-mode–slotline resonator (from
the air bridge to the inductive coupling), or from a circuit point of view as a variable multimodal
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Figure 5.4 – Capacitively-loaded odd-mode–slotline resonator (or inverter).
inverter (since the varactor capacitance Cvar modifies YLo1) with ls2 < 0, followed by a l0s2/2 slotline
resonator. From the first point of view, it is apparent that its resonance frequency will decrease with
an increasing Cvar . From the second point of view, it can be rigorously modeled using the circuit
model shown in Fig. 5.5 , which is a modification of that of Fig. 4.6(a). In it, the varactor-loaded
odd-mode–slotline resonator is also apparent, with length lr = lo1A + lo1B + ls2+l0s2/2u l0s2/2. By
tuning Cvar , both K01 and ls2 will change (according to 2.14 and 2.15). The change in K01 will result in
a change in the filter F BW . The change in ls2 modifies lr , and together with the Cvar variation, results
in a change of the resonance frequency. A parametric study can be performed using the circuit model
of Fig. 5.5 to select an adequate position for the varactor, that yields a good trade-off between a large
tuning range and a small variation of the F BW . Another effect of tuning Cvar is a change in the
frequency of the transmission zero discussed in section 4.1.2 produced whenever βs2(ls2+l0s2/2) is
a multiple of pi or YLo1 is a short circuit.
Figure 5.5 – Circuit model for the capacitive-loaded odd-mode–slotline resonator (or inverter) of Fig. 5.4.
The equivalent circuit of Fig. 5.5 can be integrated in a complete circuit model of a tunable filter, and
used to assist in its design. To achieve this, the unloaded filter has to be designed at a given frequency
f0 using the procedure of Section 4.1.2. Then, by using its complete multimodal model, a parametric
study can be carried out so as to determine what changes in lengths and inner coupling give the
best performance for all the Cvar intended values. The multimodal model of the filter allows a fast
tuning of all the relevant parameters, which would be much more cumbersome to do by parametric
variations using an electromagnetic simulator. As a numerical example, Fig. 5.6 shows the simulated
response of a second-order bandpass filter with center frequency f0 = 1.4 GHz (when Cvar = 0) and
F BW = 0.1. As the capacitive load increases, the center frequency, as well as the transmission zero
above it, shift down, maintaining a quasi-constant bandwidth. The multimodal circuit model shows
that for a maximal capacitance Cvar = 1.4 pF, a frequency shift of 0.28 GHz can be obtained.
A reconfigurable varactor-tuned second-order bandpass filter with half-wavelength slotline resonators
was fabricated on a Rogers 4350 substrate with a dielectric thickness of 1.52 mm (Fig. 5.7). The var-
actors (MACOM MA46580 beam-lead varactors) are mounted on small printed circuit boards (PCBs)
containing DC blocks and RF chokes for appropriate biasing (see Fig. 5.8). The filter area is 12.5
cm × 1.15 cm. As in the previous example, the initial design parameters (when Cvar = 0 pF) were a
Butterworth response with F BW = 0.1 and f0 = 1.4 GHz. The varactor position, as well as the opti-
mal feeding point and coupling length, were parametrically investigated using the multimodal circuit
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Figure 5.6 – Ideal frequency response of a capacitively-loaded second-order multimodal filter with an additional trans-
mission zero above the pass band and quasi-constant bandwidth.
model of Fig. 5.5. Table 5.2 summarizes the obtained relevant filter parameters. The measured S pa-
rameters of the tunable filter are shown in Fig. 5.9. The filter can be tuned from 1.002 GHz to 1.374
GHz. It exhibits quasi-constant 3-dB bandwidth, which varies from 121 MHz to 135 MHz over the
tuning range. The measured insertion loss varies from 2.17 to 3.45 dB. It is mainly caused by the in-
trinsic resistance of the varactor at low bias voltages. The in-band return loss is better than 20 dB over
the entire tuning frequency range. Table 5.3 lists the filter results for several bias voltages.
Figure 5.7 – Fabricated reconfigurable second-order bandpass filter with half-wavelength slotline resonators.
Figure 5.8 – Schematic of the PCB (used in the filter of Fig. 5.7) containing the varactor diode, DC block capacitor
(in yellow) and RF chokes for appropriate biasing. The PCB is connected between the ground planes of the CPW, by
using conductive epoxy. Gold bonding wires are used to connect the PCB with the bias pads and also to connect the
capacitor.
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l o1, l ′o1 55.5 mm
Length of first slotline section, lo1A 42 mm
Length of first slotline section, lo1B 13.5 mm
l s2, l ′s2 -51.9 mm
l0s2/2 63 mm
lr , l ′r 60.36 mm
Coupling length (K12 inverter) 0.54 mm
Table 5.2 – Dimensions of the filter of Fig. 5.7.
Figure 5.9 – Measured response of the filter of Fig. 5.7. (a) |S21|. (b) |S11|.
5.3 RF-MEMS half-wavelength filter with reconfigurable frequency
Fig. 5.10 shows the layout of a RF-MEMS capacitive-loaded slotline-resonator filter that uses recon-
figurable multimodal immittance inverters (MIIs) as first and last inverters. Its circuit model is shown
in Fig. 5.11. The MIIs perform an immittance inversion between the CPW even mode of the filter
ports and the slotline mode of the resonators by means of a multimodal CPW section of length lo1
(where the CPW even and odd modes propagate simultaneously). Althought the filter of Fig. 5.10 is
similar to the filter presented in Section 5.2, in this filter the input and output MIIS are not affected
by the capacitive loads. Therefore, the input and output coupligs (K01 and K23) are constant for every
state.
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Reverse bias (V) f0 (GHz) 3-dB BW (GHz) 3-dB F BW (%) IL (dB)
18 1.374 0.135 0.098 2.17
10 1.358 0.134 0.098 2.17
8 1.346 0.133 0.099 2.19
6 1.326 0.133 0.1 2.24
4.5 1.298 0.136 0.104 2.33
3 1.247 0.137 0.11 2.5
2 1.188 0.135 0.114 2.55
1.5 1.144 0.135 0.118 2.73
0.7 1.072 0.128 0.12 3.11
0.3 1.038 0.124 0.12 3.24
0 1.002 0.121 0.121 3.45
Table 5.3 – Summary of the measured parameters of filter of Fig. 5.7.
Figure 5.10 – Layout of the fabricated fourth-order bandpass filter with quarter-wavelength slotline resonators.
Figure 5.11 – Circuit model of a frequency-reconfigurable filter using switched capacitor banks.
The length ls2 can always be chosen to be negative. Since ls2 ≈ −lo1, the resonator lengths are lr ≈
l0s/2. Subscripts e, o and s refer, respectively, to the CPW even and odd modes and the slotline mode.
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CPW Gap/Strip width (µm) 20/50
70Ω slotline width (µm) 80
lo1 = l ′o1 (µm) 870
lr (mm) 4.47
Total filter area ( mm2) 4.9×2.9
Table 5.4 – Dimensions of the fabricated filter of Fig. 5.12.
Using the theory presented in Chapter 2 and Chapter 4, a reconfigurable filter can be designed for
a given response at the highest frequency (state 000), taking into account the off-state capacitance
(10 fF) of the RF-MEMS switched capacitors. The fabricated filter is shown in Fig. 5.12, it was fabri-
cated on a high-resistivity (5 kΩ·cm) silicon substrate, with a permittivity er =11.9 and thickness h =
200 µm, using the integrated RF-MEMS process from FBK. The RF-MEMS switched capacitors have
the same characteristics than the ones used in the switched capacitor bank presented in Chapter 3
(Section 3.1.5).
The chosen even-mode and odd-mode characteristic impedances are Z0e = 50 Ω and Z0o = Z0s =
70 Ω, respectively. The additional characteristic parameters of the transmission lines, such as the
phase constants (βe , βo , and βs) and losses were obtained as described in [19]. Table 5.4 summarizes
the relevant filter dimensions.
Figure 5.12 – Fabricated frequency-reconfigurable second-order half-wavelength filter using MIIs and switched ca-
pacitors.
The simulated response of the circuit model and measured S parameters for all states are shown in
Fig. 5.13 (a) and Fig. 5.13(b), showing a very good agreement. As can be seen, the losses of the
transmission lines have been included in the circuit model. For state 000, the expected insertion loss
is 4 dB for the considered substrate, i.e. a 5-kΩ·cm high-resistivity silicon with permittivity er = 11.9
and thickness h= 200 µm.
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Figure 5.13 – Comparison between measured S-parameters and circuit model simulations. (a) S12. (b) S11.
Table 5.5 shows the measured parameters for each state. Insertion loss can be reduced by using sil-
icon substrates with higher resistivity or quartz substrates [60, 63]. Since the contact resistance RC
of the cantilever switches has a direct impact on the filter insertion loss [60], it should be reduced
by increasing the contact area or by including additional switches in parallel to each capacitive load.
Furthermore, to keep a constant bandwidth (and thus, similar insertion loss level for each state), a re-
configurable version of the MIIs (such as that used in the tunable filter proposed in section 5.2) could
be used.
The linearity of the filter has been measured by plotting the output power versus input power in the
011 state ( f0 = 10.44 GHz). Due to power limitations in the measurement setup, it was not possible to
reach the 1dB compression point; however, it was found that an input power of 1.45 W (31.64 dBm)
can be handled without any degradation in the response of the filter.
5.4 RF-MEMS half-wavelength filter with reconfigurable bandwidth
Fig. 5.14 shows the scheme of a two-state reconfigurable-bandwidth second-order half-wavelength
slotline-resonator filter that uses reconfigurable MIIs as first and last inverters. A MII can be easily
reconfigured by replacing, as in Fig. 5.14, its asymmetric upper-CPW-slot shunt short-circuit with
several switches to shift the short-circuit position, thus changing the lengths lo1, le2, and ls2 which
control the inverter constant, as demonstrated in Chapter 2. Then, it is possible to obtain F BW re-
configuration and maintain the same filter response by simultaneously reconfiguring both the input
and output MIIs and the inter-resonator coupling K12. The reconfigurable filter of Fig. 5.14 can be
modelled as shown in Fig. 5.15. Subscripts e,o and s refer, respectively, to the even, odd and slotline
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C (fF) State f0 (GHz) 3-dB F BW (%) IL (dB)
10 000 15.22 0.122 4.07
51.5 100 13.75 0.121 5.87
97 010 12.52 0.109 6.54
127.5 001 11.98 0.102 7.09
148.5 110 11.72 0.108 7.3
179 101 11.29 0.103 7.5
224.5 011 10.44 0.98 7.85
276 111 10.04 0.96 8.29
Table 5.5 – Summary of the measured parameters of filter of Fig. 5.12.
modes. The length lS2 can always be chosen negative (if so, ls2 ≈ −lo1) and therefore, as it is embedded
in the physical slotline, the resonator lengths are lr ≈λ0s/2.
Figure 5.14 – Reconfigurable-bandwidth second-order half-wavelength slotline-resonator filter using MIIs.
Figure 5.15 – Circuit model for the reconfigurable filter of Fig. 5.14.
Fig. 5.16 shows a reconfigurable-bandwidth second-order Butterworth filter designed according to
the principles described above, with a centre frequency f0 = 18.8 GHz and F BW = 0.08 (state 1) or
F BW = 0.04 (state 2). The filter F BW is reconfigured using five electrostatic RF-MEMS ohmic-contact
cantilever switches [64], two in either MII (Fig. 5.17(a)) and one in the inter-resonator inductive cou-
pling (Fig. 5.17(b)). Each switch can be modeled as a shunt impedance ZS . In the down-state ZS is
composed by a contact resistance RON = 1.6 Ω in series with an inductance Lc = 112.5 pH, whereas
in the up-state ZS is a capacitance COF F = 38 fF. The switches, with an air-gap of 3 µm, have a low
pull-in voltage of 15 V. The filter was fabricated on a quartz substrate (er = 3.8) using the RF-MEMS
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fabrication process from FBK described in [5]. The area of the filter, including bias lines, is 4.40 mm
× 4.44 mm.
Figure 5.16 – Implemented reconfigurable-bandwidth bandpass filter.
Figure 5.17 – RF-MEMS reconfigurable sections of the fabricated filter. (a) Reconfigurable CPW-slotline transition
(input). (b) Reconfigurable inter-resonator coupling.
In state 1 (F BW = 0.08), the inner switches of both MIIs (Fig. 5.17 (a)) are actuated (down-state),
whereas the switch of the central inter-resonator coupling K12 (Fig. 5.17 (b)) is not actuated (up-
state), and thus its coupling is determined by the fixed short-circuit. In state 2 (F BW = 0.04), the
outer switches of the MIIs and that of the central inductive coupling are biased. In this state, the
switch in (Fig. 5.17 (b)) contacts an underpass metallization, thus reducing the inductance of the
coupling. The required widths of the underpass lines were obtained from electromagnetic simu-
lations. The filter was designed in two steps. First, an initial design of a two-state filter (with the
required F BW ) featuring ideal switches was performed using the circuit model of Fig. 5.15 and the
theory in presented in Chapter 2 and Chapter 4. The chosen characteristic impedances were Z0e = 65
Ω and Z0o = Z0s = 110 Ω. The dimensions of the required inter-resonator coupling were obtained by
the pole-splitting method [41]. Table 5.8 shows the required normalized K12 and electrical lengths of
the MIIs, (notice that since θs2 is negative, |θs2 = βols2| ≈ |θo1 = βolo1), then, the circuit model of the
RF-MEMS switches was included into the circuit model of Fig. 5.15, to optimize the filter dimensions.
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Initial design parameters Measured filter parameters
State θo1(◦) θs2(◦) K12 3-dB F BW f0 (GHz) IL (dB)
1 27.7 -26.8 0.089 0.082 18.8 3.7
2 19.1 -18.8 0.044 0.043 18.9 5.2
Table 5.6 – Initial design parameters and measured performance of the designed filter.
Fig. 5.18 shows the measured responses for both states of the reconfigurable-bandwidth filter, along
with those predicted by the circuit simulation, showing a good agreement. The main filter param-
eters are summarized in Table 5.8. The 3-dB F BW varies from 0.082 down to 0.043, which repre-
sents a change of 90%, while maintaining a Butterworth frequency response. The measured insertion
loss (IL) in both states is in the range expected for circuits featuring low-actuation-voltage ohmic-
switches, which provide moderate values of RON . As expected, the insertion loss of state 2 is higher
than that of state 1, since the F BW decreases to roughly a half of that of state 1 [41].
Figure 5.18 – Comparison between the measured S parameters of the reconfigurable-bandwidth half-wavelength
second-order bandpass filter and those predicted by the circuit model. Blue traces correspond to state 1, and red
ones to state 2.
5.5 RF-MEMS quarter-wavelength reconfigurable filter based on SABs
Fig. 5.19 shows the scheme of a quarter-wavelength slotline-resonator second-order bandpass filter
that uses reconfigurable MIIs as first and last inverters. Its circuit model is shown in Fig. 5.20. The
MIIs can be reconfigured by changing the position of their odd-mode short-circuit (the air bridge) by
means of a switchable air-bridge (SAB), as shown in Fig. 5.19 and Fig. 5.20. As a result, the odd mode
length lo1 will be shortened and, since lo1 is part of the physical resonator of length lr (Fig. 5.20), lr
will be shortened, producing a frequency shift (increase) in the filter central frequency.
Figure 5.19 – Frequency-reconfigurable second-order quarter-wavelength filter using MIIs and SABs.
Using the circuit model of Fig. 5.20 and the theory presented in Chapter 2 and Chapter 4, a reconfig-
urable filter can be designed for a given response at the lowest frequency (state 1), and the optimal
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position of the SAB can be parametrically investigated to give an appropriate second (highest) fre-
quency state (state 2). This optimal position is selected to maintain the 3-dB F BW as constant as
possible by keeping the change in the ratio lo1/lr as small as possible (since the F BW is a function of
lo1/lr , as demonstrated in Chapter 2).
Figure 5.20 – Circuit model of a frequency-reconfigurable second-order quarter-wavelength filter using MIIs and
SABs.
The effect of the intrinsic inductance and contact resistance of the SAB should be estimated by mea-
surement or by electromagnetic simulation, and then should be taken into account in the circuit sim-
ulation. Using this approach, a quarter-wavelength slotline-resonator second-order bandpass filter
with reconfigurable central frequency has been designed using the FBK RF-MEMS integrated tech-
nology [5].The filter was fabricated on a 5-kΩ·cm high-resistivity silicon with a permittivity er = 11.9
and thickness h = 200 µm. The chosen even-mode and odd-mode characteristic impedances are Z0e
= 50 Ω and Z0o = Z0s = 78 Ω, respectively. The additional characteristic parameters of the transmis-
sion lines, such as the phase constants (βe ,βo , and βs) and losses were obtained as described in [19].
The simulated response of the circuit model for both states is shown in Fig. 5.21. The losses of the
transmission lines have been included in the circuit model.
Figure 5.21 – Simulated S parameters of the frequency-reconfigurable quarter-wavelength second-order filter.
The expected insertion loss (IL) is around 3.7 dB for the considered substrate. Table I shows the filter
main parameters for a center frequency f01 = 12 GHz and a Butterworth response (state 1).
In state 2, the position of the odd-mode short-circuit (air-bridge) will be changed using SABs, to re-
duce the length of the odd mode resonators (to increase the center frequency to f02 = 13 GHz). Since
the inter-resonator coupling J12 does not change, the response for this second state will not be of a
Butterworth-type.
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Initial design parameters Simulated filter parameters
State θo1(◦) K12 3-dB F BW f0 (GHz) IL (dB)
1 24.7 15.005 0.12 12 3.7
2 22.5 15.005 0.12 13 3.6
Table 5.7 – Parameters of the frequency-reconfigurable filter.
Fig. 5.22 shows the second-order bandpass filter with reconfigurable center frequency designed ac-
cording to the principles described above. The area of the filter, including bias lines, is 4.97 mm ×
0.74 mm.
Figure 5.22 – Fabricated RF-MEMS frequency-reconfigurable filter using SABs.
Fig. 5.23 shows a close-up of the input MII. When the SAB is in the up-state, the length lo1 is defined by
the position of the fixed air-bridge and the asymmetrical short-circuit. When the SAB is in the down
state, lo1 is defined by the position of the SAB ohmic contacts and the asymmetrical short-circuit.
Then, when a bias voltage Vbi as higher than Vpi is applied simultaneously to both SABs (input and
output), there will be a shift in the central frequency and a change in the input and output couplings.
Figure 5.23 – Input MII with an RF-MEMS SAB.
Table II shows the dimensions of the reconfigurable second-order quarter-wavelength filter. The dif-
ference between the length lo1 of state 1 and the one of state 2 is ∆lo1 = 140 µm.
lo1, State 1 lo1, State 2 ∆lo1 lr , State 1 lr , State 2 Coupling gap
490 µm 350 µm 140 µm 2310 µm 2170 µm 25 µm
Table 5.8 – Dimensions of the frequency-reconfigurable filter.
Fig. 5.24 and Fig. 5.25 show and compare the measured and simulated responses for both states of
the reconfigurable filter. The bias voltage applied to the SABs (state 2) was Vbi as = 60 V. The measured
IL for both states is lower than 4.7 dB and the measured F BW is only 0.02 higher than the expected
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by the circuit simulation, but the same 3-dB F BW is maintained in both states as anticipated. The IL
levels are in the expected range for planar filter topologies using 5-kΩ·cm high-resistivity substrates.
As show in Fig. 5.25, the wideband response of the circuit simulation agress with the measurements,
validating the multimodal circuit model. The small discrepancies seen above 30 GHz are attributed
to the modelling of the capacitive coupling (performed at f01), which ceases to be accurate above this
frequency.
Figure 5.24 – Comparison between the measured S parameters of the frequency-reconfigurable filter and those pre-
dicted by the circuit model. Black traces correspond to state 1, and red ones to state 2.
Figure 5.25 – Wideband comparison between the measured S parameters of the frequency-reconfigurable filter and
those predicted by the circuit model. As above, black traces correspond to state 1, and red ones to state 2.
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T
his chapter presents the design and validation of two uniplanar multimodal band-stop filters,
based on the band-stop resonators described in Chapter 2. The first filter topology uses CPW
even-mode quarter-wavelength resonators, which can be modeled using the circuit model for
CPW circuits with asymmetric shunt impedances proposed in [16], as demonstrated in Chapter 2
(section 2.1.3). The second topology uses resonators based on CPW-asymmetric series impedances,
that can modeled using the multimodal equivalent circuit proposed in [15], as demonstrated in Chap-
ter 2 (section 2.3.1). The overall area of this second topology structure is considerably reduced, in
comparison to ordinary CPW symmetrical structures.
6. MULTIMODAL BANDSTOP FILTERS
6.1 Quarter-wavelength band-stop filters
Fig. 6.1 shows the topology of a second-order multimodal band-stop filter with quarter-wavelength
(λ0e /4) even-mode resonators. As demonstrated in Chapter 2 (section 2.1.3) a single even-mode stub
can be used to produce a transmission zero in an odd-mode structure. The equivalent circuit model
of the second-order band-stop filter is shown in Fig. 6.2.
Figure 6.1 – Second-order multimodal band-stop filter with quarter-wavelength (λ0e /4) even-mode resonators.
As can be seen in Fig. 6.2, the CPW odd-mode immitance inverter (which is the spacing between
the asymmetric short-circuits, lo1+ ls2≈λ0o/4), is embedded in the first CPW section; therefore the
overall area is reduced compared with traditional CPW filters (using straight stubs), which have a
minimal area of (λ0/4)2.
Figure 6.2 – Circuit model of a second-order multimodal band-stop filter with quarter-wavelength (λ0e /4) even-mode
resonators.
The required impedances for a second-order band-stop filter are [39]
Z0e1 = ZM
[
1+ 1
αg0g1
]
, (6.1)
which is the first resonator even-mode impedance. As defined in Chapter 2, ZM = Z0s1/4. The second
resonator even-mode impedance is
Z0e2 = ZM
[
g0/αg2
]
, (6.2)
The immitance inverter, which is embedded in the CPW section (odd-mode), has an impedance of
Z12i nv = 4 ·ZM
[
1+αg0g1
]
. (6.3)
The bandwidth parameter isα= cot[(pi/2)(1−F BW /2)], and the output impedances is Z0o2 = Z0s1g0g3,
where g0,g1,g2 and g3 are the normalized elements of a second-order low-pass filter prototype [39].
Using 6.1–6.3, a band-stop filter with a central frequency f0 = 2.2 GHz and a F BW = 0.26 with a
Butterworth response was designed. The chosen slotline impedance was Z0s1 = 100Ω. The calculated
impedances of the second-order filter are shown in Table 6.2.
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CPW even-mode impedance, Z0e1 110.36Ω
CPW odd-mode impedance, Z0o1 129.28Ω
CPW even-mode impedance, Z0e2 85.36Ω
Table 6.1 – Calculated impedances of the of a second-order multimodal band-stop filter with quarter-wavelength
(λ0e /4) even-mode resonators.
The parameters of the substrate are: relative permittivity εr = 3.02 ,with a thickness 1.52 mm and a
metallization thickness of 0.035 mm. The width of the strips of the input slotline is wsg = 2.5 mm,
with a slotline slot width s = 0.4 mm. The CPW central-strip width of the first resonator is w = 0.15
mm. Its slot width is s = 0.25 mm, the total slotline slot width is 2s +w , and lateral-ground-plane
width is wg = 1.5 mm. The CPW central-strip width of the second resonator is w = 0.15 mm, its slot
width is s = 0.1 mm, the slotline slot width is 2s +w , and the lateral-ground-plane width is wg = 2
mm. The length of each section is shown in Table 6.2.
Length of input slotline section, ls1 1 mm
Length of 1st resonator even-mode section, le1 26.6 mm
Length of 1st resonator odd-mode section, lo1 27.4 mm
Length of the inter-resonator slotline section, ls2 0.95 mm
Length of 2nd resonator even-mode section, le2 26.5 mm
Length of 2nd resonator odd-mode section, lo2 26.5 mm
Total area of the filter 55.4 mm × 5.4 mm
Table 6.2 – Calculated lengths of the second-order multimodal band-stop filter with quarter-wavelength (λ0e /4) even-
mode resonators.
The filter length is approximately a half of the guided wavelength at f0, and its total area is just
(λ0s/2)× (λ0s/20)). The filter was measured using SG/GS probes. A comparison between the circuit
model (taking into account transmission-line losses) and the measured data of a filter is shown in Fig.
6.3. The measured relative bandwidth is F BW = 0.26 and the maximum attenuation is 30 dB. The dif-
ference below the pass band (from 0.1 GHz to 1.2 GHz), is attributed to a common-mode excitation
in the SG/GS probes due to the proximity of metallic mechanical supports of the probe station [25].
Figure 6.3 – Comparison between measured data and the multimodal circuit model of the fabricated second-order
quarter-wavelength band-stop filter .
The wide-band response of the filter is shown in Fig. 6.4. As can be seen, the filter has a first harmonic
stop band at 6.4 GHz, as expected for a quarter-wavelength filter. To obtain a better match between
the equivalent circuit and the measured data, the parasitics produced by the slotline impedance steps
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must be added to the equivalent circuit. The maximum return loss is affected by these parasitics,
therefore impedance steps must be avoided whenever possible.
Figure 6.4 – Wide-band comparison between measured data and the multimodal circuit model of the fabricated
second-order band-stop filter.
6.2 Band-stop filter based on CPW asymmetric series impedances
A band-stop filter, based on CPW-asymmetric series impedances is shown in Fig. 6.5. As explained
in Chapter 2, each resonator is composed of a CPW section (limited by air-bridges) that contains a
series-connected slotline, terminated with an open circuit. In this filter, a CPW slow-wave structure,
similar to those proposed in [65], has been used to reduce the length of the CPW sections. Each res-
onator is separated by a even-mode slow-wave CPW line, with a length li nv ≈ λe /4. The multimodal
circuit model of the band-stop filter is shown in Fig. 6.6.
Figure 6.5 – Second-order multimodal band-stop filter based on CPW-asymmetric series impedances (open-circuited
slotline stubs).
Using the circuit model of 6.6, a second-order multimodal band-stop filter was designed and im-
plemented. The design parameters are: central frequency f0 = 1.8 GHz with a fractional bandwidth
F BW = 0.1 , and a Butterworth response. The parameters of the chosen substrate are: relative permit-
tivity εr = 3.02 , thickness of 1.52 mm and metallization thickness of 0.035 mm. The CPW slow-wave
sections have a slot width s = 0.125 mm, and the widths of the central CPW strips are w1 = 0.150 mm
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and w2 = 4.75 mm. The lateral-ground-plane width is wg 1 = 2.825 mm for the first section and wg 2 =
0.5 mm for the wider CPW section . The width of the strips of the open-circuited slotline stubs is
wsg = 1.5 mm, with a slotline slot s = 0.2 mm. The length of each section is shown in Table 6.3.
Figure 6.6 – Circuit model of a second-order multimodal band-stop filter based on CPW-asymmetric series
impedances.
The synthesis method explained in Chapter 2 (Section 2.3.1) and the circuit model of Fig. 6.6 has
been used to calculate the required lengths. The short-circuited odd-mode CPW stubs, which pro-
vide the inductive elements, have a physical length l 1 = l 2 = l ′1 = l ′2 = 3.1 mm, which represents an
electrical length of 17.5◦. The open-circuited slotline stubs have a physical length of ls1 = ls2 = 13
mm, which represents an electrical length of 45◦. Therefore, the total area of the second-order filter
is (λ0s/5)× (λ0s/6).
Lengths of CPW sections, l1 = l2 = l ′1 = l ′2 3.1 mm
Length of slotline sections, ls1 = ls2 13 mm
Length of 1st-resonator odd-mode section, li nv 6.3 mm
Total area of the filter 19.5 mm × 16.4 mm
Table 6.3 – Calculated lengths of the of a second-order multimodal band-stop filter with quarter-wavelength (λ0e /4)
even-mode resonators.
A comparison between the circuit model (taking into account transmission line losses) and the mea-
sured data of a filter is shown in Fig. 6.7. The measured fractional bandwidth is F BW = 0.095 and
the maximum attenuation is 17.8 dB. Although this type of filter has higher losses than the quarter-
wavelength band-stop filters shown in Section 6.1, it is more compact.
Figure 6.7 – Comparison between measured data and the multimodal circuit model of the fabricated second-order
band-stop filter based on CPW asymmetric-series impedances.
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7.1 Multimodal Bandpass filters
I
n this work, new multimodal resonators and filters were developed, which feature a compact area,
easy reconfiguration and the possibility of generate additional transmission zeros, with a perfor-
mance similar of better than existing traditional monomodal CPW structures. A synthesis method
(based on multimodal circuit models) has been developed for every multimodal filter presented in
this work.
Chapter 2 (Section 2.1) describes the circuit models and design equations of basic structures based
on CPW asymmetrical series and shunt impedances. Chapter 2 also deals with CPW circuits with
slotline-CPW tees, which can be used as immittance inverters or to reduce the length of a slotline
section.
Using structures based on CPW asymmetrical shunt impedances, new multimodal immitance in-
verters (MII) based on shunt-short-circuit CPW transitions have been presented and analyzed. These
type of inverters enable the design of compact filters with improved out-of-band rejection.
In Chapter 4 (Section 4.1.2) the MIIs are used to design new structures for uniplanar bandpass filters
of arbitrary order. The multimodal immitance inverters perform the mode conversion between the
exciting CPW even modes and the inner slotline modes, implement part of the slotline resonator
as a CPW odd-mode stub, and allow the addition of frequency traps within the resonator structure
to suppress spurious harmonic passbands. These inverters have been characterized by means of a
rigorous multimodal circuit model and analytical design expressions for their parameters.
By using these multimodal immitance inverters, several uniplanar multimodal bandpass filters have
been designed, thus contributing to the development of a general theory of uniplanar filters, which
use multimodal CPW sections. The proposed filters combine the usual even-mode excitation with the
versatility and robustness of slotline resonators concerning bending easiness, fabrication tolerances,
absence of spurious modes, and easiness of reconfiguration. These are intrinsically CPW designs
since they do not replicate classical monomodal filter structures, but on the contrary, take advan-
tage of the CPW multimodal properties to achieve their filter functionality. As demonstrated by the
experimental results presented in Section 4.1.2, the insertion loss of the implemented second-order
filter with half-wavelength slotline resonators and SLS sections (Section 4.1.2.2) is 1.8 dB at 2 GHz,
with a very wide rejection of harmonic passbands. The second-order filter with quarter-wavelength
resonators (Section 4.1.2.3) exhibits a minimum insertion loss of 1.6 dB at 1.95 GHz, and very com-
pact size (25.4 mm × 18.95 mm). The fourth-order filter with quarter-wavelength slotline resonators
exhibits an insertion loss of 2.2 dB at 2 GHz, and an out-of-band rejection of 20 dB up to 50 GHz. The
out-of-band rejection has been improved by using even-mode resonators, which can be also used to
design band-stop filters as shown in Chapter 6 (Section 6.1), where a second-order multimodal band-
stop filter with quarter-wavelength (λ0e /4) even-mode resonators a compact area (λ0s/2)× (λ0s/20)
has been demonstrated. Moreover, a compact band-stop filter based on CPW asymmetrical series
impedances has been described in Section 6.2, which also has a small area of (λ0s/5)× (λ0s/6).
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7.2 Tunable and reconfigurable multimodal bandpass filters
As an added feature to this work, new topologies of tunable and reconfigurable multimodal mi-
crowave filters were developed. Section 5.1.1 describes a second-order bandwidth-reconfigurable
bandpass filter, which can be easily reconfigured using PIN diodes, as shown in Chapter 5 (Section
5.1). Experimental results showed that this type of reconfigurable filter has a low insertion loss in
both states (below 1.4 dB at 2 GHz) and good return loss. In addition, the bandwidth-reconfigurable
filter has a third state (when all diodes are turned off), in which the structure behaves like a 50Ω
transmission line, thus it can be used as a switchable filter.
Several reconfigurable filter topologies based on multimodal immitance inverters are presented in
Chapter 5. In Section 5.1, a varactor-tuned filter, featuring a tuning range of 1.002–1.374 GHz with
quasi-constant 3-dB bandwidth (from 121 to 135 MHz) and insertion loss in the range 2.17–3.45 dB
has been presented. Section 5.3 describes a K-band RF-MEMS uniplanar reconfigurable-bandwidth
second-order filter, that uses 3-bit switched capacitor banks to change its resonant frequency (only
3 switches per resonator are used), and can achieve a tuning range of half an octave. The RF-MEMS
filter exhibits excellent power handling capabilities, since it can support an input power of nearly
1.5 W without reaching its compression point. Section 5.4 shows a K-band uniplanar second-order
half-wavelength coupled-resonator filter featuring multimodal impedance inverters and an inter-
resonator coupling which are easily reconfigured using low-voltage RF-MEMS ohmic-contact switches.
Its 3-dB FBW can be changed by 90%, maintaining the same type of Butterworth response. Section
5.5 describes a quarter-wavelength reconfigurable filter based on RF-MEMS switchable air-bridges
(SABs), which change both the inverter constants and the slotline-resonator lengths. The measured
insertion loss of the reconfigurable filter based on SABs is below 4.7 dB for both states, in the ex-
pected range for planar filter topologies using high-resistivity silicon substrates, and its 3-dB FBW is
the same for the two frequency states. This filter is able to shift upwards its center frequency; there-
fore this type of reconfiguration could be used in combination with varactor-loaded resonators to
expand the frequency range.
In general, multimodal filters based on CPW asymmetrical shunt impedances are an example of how
the additional degrees of freedom (as compared to classical monomodal CPW topologies) can be used
to develop new topologies of reconfigurable filters.
7.3 Bandpass filter based on slotline-CPW tees
By using slotline-CPW tees it is possible to reduce dramatically the length of a slotline, as shown in
Chapter 2 (Section 2.2.1.1). It has been proven that by using the multimodal circuit models and design
equations presented in Section 2.2, it is possible to design new topologies of uniplanar band-pass
filters based on slotline-CPW tees.
As an example, new compact filters with a reduced length have been shown in Chapter 4. In Sec-
tion 4.2.2, it has been proven that by using slotline-CPW tees, the length of a second-order quarter-
wavelength filter (which normally has a length of λs/2) can be reduced to just 0.16λs . Also, in Section
4.2.3, a new uniplanar second-order quarter-wavelength filter has been presented, featuring low in-
sertion loss and a reduced area of just (λ0s/7)× (λ0s/6). Slotline filters using multimodal slotline-CPW
tees can be used to implement ultra-compact uniplanar diplexers, since the length of the intercon-
necting slotlines can be reduced as well. Moreover, the theory presented in Section 2.2 can be used
to design new types of band-pass and band-stop filters, which feature a compact area compared to
traditional uniplanar structures.
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7.4 Future work
7.4.1 Ultra-compact filters based on slotline-CPW tees
Multilayer techniques have been extensively used in microwave circuits with the aim of achieving
high density [66, 67]. Uniplanar circuits can be easily integrated in multilayer modules, since they do
not require a backside ground plane.
Filters using slotline-CPW tees, to reduce the length (Section 4.2.2) or as immitance inverters; use in-
put and output capacitive couplings (J01 and J23) which use a large portion of the total area. Fig. 7.1
shows a second-order quarter-wavelength multimodal bandpass filter with a single slotline-CPW tee
as immitance inverter (K12), which can be designed using the theory presented in Chapter 2 (section
2.2.2). The area of the filter could be greatly reduced by using a second layer (as shown in Fig. 7.1)
to form an integrated metal-isolator-metal (MIM) capacitor, winch can be used as input and output
admittance inverters (J01 and J23). This could be done using any multilayer process, including LTCC
technology. An added advantage of using LTCC is that the lengths of the slotline-CPW transition will
be reduced due to the higher effective permittivity of the internal layers (red layer in Fig. 7.1), com-
pared to the top layers (yellow layer in Fig. 7.1).
Figure 7.1 – 3-D layout of a compact second-order quarter-wavelength two-layer multimodal bandpass filter with
a single slotline-CPW tee as immitance inverter. The yellow layer is on the top of the substrate (top layer of MIM
capacitors are also SG/GS probe pads), while the red layer is an internal layer. The MIM capacitors (inside dotted
lines) are the input J01 and output J23 couplings of the filter.
7.4.2 Tunable Multimodal matching networks and impedance tuners based on
slotline-CPW tees
If the two fundamental modes of the CPW are used in slotline-CPW tees, new multimodal matching
networks and impedance tuners can be designed. For example, a multimodal impedance tuner can
be more compact and can achieve a better coverage since both modes of the CPW are used, which
translates in more states if each CPW mode can be independently affected, by means of active devices
such as varactor diodes or RF-MEMS capacitive and ohmic switches.
7.4.3 Compact multimodal circuits using even-mode and odd-mode slow-wave
structures
Slow-wave CPW lines have been studied extensively in the past, but always as monomodal transmis-
sion lines. By analyzing the characteristic parameters of each CPW mode in a slow-wave structure,
it is possible to design reduced-length multimodal filters. This technique could be used in combina-
tion with slotline-CPW tees which, as demonstrated in Chapter 2, can be used to reduce the length of
slotline sections. Both approaches can be used to design more complex topologies such as diplexers
and multiplexers.
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A.1 Mask of a RF-MEMS capacitive switch.
Fig. A.1 shows the mask set of the capacitive switch presented in Chapter 3 (Section 3.1.3, Fig. 3.7).
Figure A.1 – Mask of the capacitive switch presented in Chapter 3 (Section 3.1.3).
A. RF-MEMS SWITCHES MASK SET
A.2 Mask of a RF-MEMS switchable air-bridge (quartz substrate).
Fig. A.1 shows the mask set of the ohmic switch presented in Chapter 3 (Section 3.1.4.1, Fig. 3.11),
which was fabricated on a quartz substrate.
Figure A.2 – Mask of a RF-MEMS ohmic switch (SAB) fabricated on a quartz substrate.
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A.3. Mask of a RF-MEMS switchable air-bridge (silicon substrate).
A.3 Mask of a RF-MEMS switchable air-bridge (silicon substrate).
Fig. A.3 shows the mask set of the ohmic switch presented in Chapter 3 (Section 3.1.4.2, Fig. 3.18),
which was fabricated on a silicon substrate.
Figure A.3 – Mask of a RF-MEMS ohmic switch (SAB) fabricated on a silicon substrate.
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A.4 Mask of switched capacitor bank.
Fig. A.4 shows the mask set of the switched capacitor bank presented in Chapter 3 (Section 3.1.5, Fig.
3.20 (a)).
Figure A.4 – Mask of the RF-MEMS switched capacitor bank presented in Chapter 3 (Section 3.1.5).
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SELECTED MULTIMODAL CIRCUIT MODELS IN
AGILENT ADS
B.1 Circuit model of a filter with MIIs and quarter-wavelength slotline
resonators
Fig. B.1 shows the Agilent ADS circuit model of a filter with multimodal immittance inverters (MIIs)
and quarter-wavelength slotline resonators, similar than the ones introduced in Chapter 4 (Section
4.1.2.3). As can be seen in Fig. B.1 the design equations and characteristic parameters of the CPW
(even and odd modes) and slotline sections are shown. This filter uses even-mode stubs to add trans-
mission zeros at 6.8 GHz and 10.7 GHz (the filter was measured up to 10 GHz, therefore the transmis-
sion zero at 10.7 GHz is not shown in Fig. B.2).
Figure B.1 – Agilent ADS circuit model of a filter with multimodal immittance inverters (MIIs) and quarter-wavelength
slotline resonators.
B. SELECTED MULTIMODAL CIRCUIT MODELS IN AGILENT ADS
Figure B.2 – Comparison between measurement and circuit simulation (using the circuit model of Fig. B.1) of a
second-order filter with multimodal immittance inverters (MIIs) and quarter-wavelength slotline resonators. (a)
Narrow-band. (b) Wide-band.
B.2 Uniplanar delay line using multimodal slotline-CPW tees
Fig. B.3 shows the Agilent ADS circuit model of the uniplanar delay line of Fig. 2.18 (Chapter 2, Section
2.2.1.1).
Figure B.3 – Agilent ADS circuit model of the uniplanar delay line of Fig. 2.18.
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B.3. Circuit model of a filter with MIIs and multomodal slotline-CPW tees for length reduction
B.3 Circuit model of a filter with MIIs and multomodal slotline-CPW tees
for length reduction
Fig. B.4 shows the Agilent ADS circuit model of the filter of Fig. 4.19 (Chapter 4, Section 4.2.1).
Figure B.4 – Agilent ADS circuit model of a filter with multimodal immittance inverters (MIIs) and quarter-wavelength
slotline resonators, with slotline-CPW tees to reduce the lenght.
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